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ABSTRACT 


The porphyria-inducing activity of a series of analogues of 
3,5-diethoxycarbonyl-1,4-dihydro-2,4,6-trimethylpyridine in which the 
4-methyl substituent was replaced with other substituents was investi- 
gated in monolayer cultures of chick embryo liver cells. In the 
analogue containing a 4-isopropyl group, activity was retained, whereas 
in analogues containing a benzyl, cyclohexyl, or cyclohex-3-enyl sub- 
stituents, only very weak activity was retained. Replacement of the 
ethoxycarbonyl groups of 3,5-diethoxycarbonyl-1,4-dihydro-2,4,6-tri- 
methylpyridine with cyano groups resulted in loss of activity. The 
optical antipodes of glutethimide were found to be equipotent as 
porphyria-inducing agents and it was concluded that neither of these 
antipodes could be used with safety in the treatment of porphyric 
patients. 

A series of drugs has been tested for porphyria-inducing 
activity in the intact chick embryo and the results compared with those 
previously obtained in other animals and in the monolayer cultures of 
chick embryo liver cells. The results obtained in the intact chick 
embryo corresponded, in the majority of cases, with results obtained 
with the isolated liver cells. For this reason, the intact chick 
embryo may be used as a rapid and simple procedure for screening drugs 
for porphyria-inducing activity. Although many of the drugs which 
induced porphyrin accumulation in the chick embryo liver appear to be 
inactive in mouse liver, evidence is presented that the results 
obtained with the chick embryo liver allow better prediction of results 


to be expected in the porphyric patients than the results in mouse liver. 
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3,5-Diethoxycarbonyl-2,4,6-trimethylpyridine induces porphyrin 
biosynthesis in monolayer cultures of chick embryo liver cells, but not 
in the intact chick embryo. To investigate the reason for this finding, 


19¢ Gad! 3)5-diethoxy= 


3,5-diethoxycarbonyl -2,4,6-trimethylpyridine- 
carbonyl -1,4-dihydro-2,4,6-trimethylpyridine-!“c were prepared, injected 
into 17-day old chick embryos and the total amount of drug and metabol- 
ite(s) in the livers measured at various time periods. 3,5-Diethoxy- 
carbonyl -2,4,6-trimethylpyridine was found to undergo a more rapid 
metabolic degradation in liver than 3,5-diethoxycarbonyl-1,4-dihydro- 
2,4,6-trimethylpyridine and its inactivity in the chick embryo was 
attributed to its rapid metabolic degradation. 

Meet or cer pony ie ae dittydre- 2uord imac iyi nyid the ato was 
prepared, injected into 17-day old chick embryos and the total amount 
of drug and metabolite(s) in the liver measured at different time inter- 
vals. The amount of 3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethyl- 
pyridines sec in the liver at any specific period in time after injection 
was considerably lower than the amount of 3,5-diethoxycarbonyl-1,4- 
dihydro-2,4,6-trimethylpyridine found in liver after injection of 3,5- 
Perner cercany elm inyaroeoeaeo-tr4machyi pyridine ssa Ge This 
observation was in accordance with the expectations that the inactive, 
sterically unhindered 3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethyl- 
pyridine was more readily metabolized and therefore could not achieve 
as high a concentration in the liver as the active, sterically hindered 


3,5-diethoxycarbonyl-1,4-dihydro-2,4,6-trimethylpyridine. 
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CHAPTER I GENERAL INTRODUCTION 
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A. Porphyrin Chemistry 


The porphyrins may be regarded as derived from the tetrapyrrole 
porphin (Fig. 1) by the substitution of the hydrogen atoms on positions 
1 to 8 of the macromolecule. If all the hydrogen atoms in positions 1 to 
8 of porphin are replaced by substituents of two different kinds (X and 
Y) as in etioporphyrin, uroporphyrin and coproporphyrin (Fig. 2), then 
four position isomers are possible (Falk, 1964). Mesoporphyrin and 
protoporphyrin (Fig. 3) present a more complicated picture as there are 
two substituents, X and Y, in rings A and B and two substituents, X and Z, 
in rings C and D. This type of substitution gives rise to fifteen 
isomers. The porphyrin obtained by removing the iron atom from protoheme 
has an arrangement of substituents leading to its assignment as the ninth 
isomer of the series and thus is designated protoporphyrin IX (Falk, 1964). 

The porphin nucleus possesses a highly conjugated cyclic double 
bond system which is responsible for the characteristic absorption spectrum 
of this molecule and for its planarity. The most intense absorption band 
occurs in the region of 400 mi and is known as the Soret band. In addition 
to the Soret band, the porphyrins in neutral solvents exhibit four absorp- 
tion bands between 480 and 650 mi (Fisher & Orth, 1937). These compounds 
exhibit characteristic fluorescence spectra when irradiated with energy 
in the region of 405 mu. This serves as a sensitive tool for the detection 
and estimation of porphyrins. 

There are two species of nitrogen atoms in porphin (Fig. 1) 
and other porphyrins. One of these species is the imino-type capable of 
accepting protons and therefore acting as a basic center. The second, a 


pyrrole-type, is capable of accepting or donating protons and thus acting 
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For Uroporphyrin X = CH,COOH ; Y = CH,CH,COOH 


Fig. 2. Diagrammatic Representation of Isomers of Etio-, Copro- 


and Uroporphyrin 
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For Mesoporphyrin X = CH; ry CoH. 5 Z= CH,CH,COOH 
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For Protoporphyrin X 33 M CH=CH, ; Z = CH,CH,COOH 


Fig. 3. Diagrammatic Representation of Structure of Meso- and 


Protoporphyrins 
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as either an acidic or basic center. 


B. Protoheme Biosynthesis and Control of the Pathway 


Since all mammalian cells contain cytochrome, it is not 
surprizing that all cells have the capacity to synthesize protoheme 
(Fig. 4C). The major sites of synthesis are erythropoietic tissues and 
the liver. Protoheme (Fig. 4C) serves as the prosthetic group of hemo- 
globin, cytochromes, peroxidases, catalases and tryptophan pyrrolase. 
Work carried out in the laboratories of Shemin and Granick in the United 
States and Rimington and Neuberger in Great Britain has resulted in 
almost complete elucidation of the protoheme biosynthetic pee 
(DeMatteis, 1967). The enzymes of this pathway are located in the mito- 
chondria aby cytoplasm of the cell. It is believed that the initial and 
final stages occur in mitochondria and that intermediate steps occur in 
the cytoplasm (Sano & Granick, 1961; DeMatteis, 1967). 

The first steps in the biosynthetic process involve the 
generation of succinyl Co-A and the formation of 6-aminolevulinic acid. 
Most of the succinyl Co-A is derived from the oxidation of Q-ketoglutarate 
in the tricarboxylic acid cycle (Shemin & Kumin, 1952; Brown, 1958; 
Granick & Urata, 1963). Small amounts of succinyl Co-A can be generated 
directly from condensation of succinate and Co-A under the influence of 
succinyl Co-A synthetase (Shemin & Kumin, 1952). 

The succinyl Co-A condenses with glycine in the presence of 6- 
aminolevulinic acid synthetase (§-ALA synthetase), yielding an unstable 
intermediate, Q-amino-B-ketoadipic acid, which rapidly decarboxylates 
(Fig. 4A) to yield §-aminolevulinic acid (Neuberger, 1961). Pyridoxal 


phosphate is required as co-factor in this condensation (Lascelles, 1957; 
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Fig. 4A. Biosynthesis of Protoheme. 


Step I - Mitochondrial Formation of §-Aminolevulinic Acid 
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Fig. 4B. Biosynthesis of Protoheme (continued) 


Step II - Cytoplasmic Formation of Coproporphyrinogen III 
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Fig. 4C. Biosynthesis of Protoheme (continued) 


Step III - Mitochondrial Formation of Protoheme 





HOOD, (HO) 
” | 7 2 = AF | : . 
i $ ( ” ¢ “ a | 
HOOD HOOD Me 
OH . 
II] nsgontrydqroqozqo9_ : 





XI nlaydqtogoto714 


10 
Schulman & Richert, 1957). 


In the next step, §-aminolevulinic acid (§-ALA) formed in the 
mitochondria diffuses into the cytoplasm where it is converted by the 
enzyme §-ALA dehydrase (Gibson et al., 1955) to the monopyrrole porpho- 
bilinogen (PBG)(Fig. 4B). Four moles of PBG are then condensed to form 
uroporphyrinogen III (Fig. 4B) in the presence of two enzymes, uroporphy- 
rinogen III synthetase and urophophyrinogen III cosynthetase (Bogorad, 
1958a; Bogorad 1958b; Cornford, 1964). In the next step, the four acetic 
acid side chains of uroporphyrinogen III are decarboxylated by uropor- 
phyrinogen III decarboxylase (Mauzerall & Granick, 1958), with the 
formation of coproporphyrinogen III (Fig. 4B). The coproporphyrinogen 
III synthesized in the cytoplasm diffuses into the mitochondria to be 
oxidatively decarboxylated to protoporphyrin IX (Fig. 4C) by the enzyme 
coproporphyrinogen IIIf oxidase (Sano & Granick, 1961). The final step 
involves insertion of an atom of iron by the enzyme ferrochelatase 
(Labbe & Hubbard, 1960). 

It is worth noting that protoporphyrin IX and the porphyrinogens 
which are the precursors of this biologically important porphyrin are 
related to etioporphyrin III. Moreover all metalloporphyrins known to 
have a metabolic function are derived from the uroporphyrin III isomer. 

The localization of the biosynthetic enzymes has prompted Sano 
and Granick (1961) to suggest that permeability changes of the mitochon- 
drial membrane to §-ALA and coproporphyrinogen III may control the rate 
of tetrapyrrole synthesis. 

Lascelles (1956) obtained evidence that end-product inhibition 
played a role in the control of protoheme biosynthesis by means of the 


following experiments. Growth of Rhodopseudomonas spheroides in an 
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iron-free medium resulted in the accumulation of porphyrins in the growth 
medium. The addition of a small amount of iron to the medium greatly 
decreased the porphyrin accumulation. Since the amount of iron added was 
very much less than that required to convert porphyrins to metallopor- 
phyrins, it was possible that iron acted catalytically by incorporation 
into protoporphyrin IX to produce a small amount of protoheme which in 
turn inhibited the enzyme §-ALA synthetase. This idea was strongly 
supported by the demonstration that protohemin was capable of inhibiting 
the action of §-ALA synthetase (Gibson et al., 1961; Burnham & Lascelles, 
1963). It is worth noting that protohemin was utilized in these experi- 
ments due to the difficulty of maintaining protoheme in the reduced 
State. Recently Karibian and London (1965) have demonstrated that 
protohemin inhibits the incorporation of al yc wee? wtc into protoheme 
in immature rabbit erythrocytes, indicating that protoheme exerted feed- 
back control on its synthesis by inhibiting the activity of §-ALA 
synthetase. 

Granick and Urata (1963) measured the levels of the enzymes 
involved in protoheme biosynthesis in guinea pig liver. They showed 
that while the activity of §-ALA synthetase, the first enzyme in the 
pathway, was barely detectable, all the other enzymes were present in 
considerable quantities. These workers also showed that when guinea 
pigs are fed the potent porphyria-inducing drug, 3,5-diethoxycarbonyl - 
1,4-dihydro-2,4,6-trimethylpyridine (DDC)(I), a marked increase in §-ALA 
synthetase activity occured; the level of activity of the other enzymes 
remained unaltered. On the basis of these observations it was suggested 
that control of tetrapyrrole synthesis is exerted via control of the 


activity of §-ALA synthetase. However, it was necessary to determine 
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whether activation of an inactive enzyme or 'de novo' synthesis was 
responsible for the increase in the activity of §-ALA synthetase. To 
answer this question, Granick (1965) established an elegant technique 
for growing chick embryo liver cells in culture. Porphyria-inducing 
drugs were added to the culture medium and the porphyrins which accumu- 
lated in the cells were observed under a fluorescence microscope. 

Granick assumed that the intensity of porphyrin fluorescence reflected 

the activity of the §-ALA synthetase. In a subsequent report, Granick 
(1966) showed that inhibitors of protein synthesis almost completely 
abolished the increase in the activity of §-ALA synthetase caused by 

DDC (I). This observation suggested that DDC acted by causing a 'de 

novo' synthesis of the enzyme, 6-ALA synthetase, which in turn caused 

the increased synthesis of the porphyrins. If DDC had acted by activating 
an inactive form of §-ALA synthetase, the action of DDC would not have 


been prevented by an inhibitor of protein synthesis. 


C. Defects of Protoheme Biosynthesis: The Porphyrias 


Inborn or acquired defects in tetrapyrrole biosynthesis 
manifested by a large increase in the excretion of porphyrins, their 
precursors or both have been recognized and are known as porphyrias. 
In some cases of porphyria, the porphyrins accumulate in bone marrow 
and in other cases in the liver. For this reason, the porphyrias have 
been subdivided into two major groups: viz., erythropoietic and 


hepatic (Schmid et al., 1954). 


i. Erythropoietic Pophyrias 


Congenital erythropoietic porphyria is a rare disease of 
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13 
porphyrin metabolism which is recognized at birth or during the first two 
years of life (Granick & Levere, 1964). This disease is marked by an 
increased concentration of uroporphyrin I and coproporphyrin I in circu- 
lating erythrocytes and in bone marrow, resulting in severe photo- 
sensitivity. 

Congenital Erythropoietic Protoporphyria was recently described 
by Magnus and coworkers (1961). Clinically it is differentiated from 
congenital erythropoietic porphyria by the milder photosensitivity 
observed. This follows from the fact that it is the level of protopor- 
phyrin IX rather than the level of the highly photosensitizing uropor- 


phyrin I that is increased. 


Li Hepatic: Porphyrias 

Acute Intermittent Porphyria (AIP) is the most common of the 
inherited porphyrias. The disease is characterized clinically by gastro- 
intestinal and neurological symptoms, but photosensitivity reactions do 
not occur (Goldberg & Rimington, 1962). During an acute attack, large 
quantities of ALA and PBG are excreted in the urine. However, in the 
latent phase of the disease, the excretion of theSe porphyrin precursors 
may be within normal limits or only slightly elevated. Acute attacks of 
the disease may be precipitated by a number of factors such as drugs, 
menstruation, pregnancy and infections. The hepatic level of §-ALA 
synthetase in a patient with AIP has been shown to be seven times that 
of non-porphyric controls (Ischudy et al., 1965). 

Cutaneous Hepatic Porphyria is most prevalent among the white 
South African population and usually manifests itself at adolescence. 
The disease resembles AIP clinically and acute attacks with abdominal 


pain and neurological symptoms are observed. However, in contrast to 
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AIP, photosensitivity invariably accompanies the disease. Biochemically, 
this disease can be distinguished from AIP since fecal concentrations of 
coproporphyrin and protoporphyrin are elevated even during remissions. 

In the acute phase of the disease, urinary excretion of uroporphyrin, 
coproporphyrin, ALA and PBG is increased. 

While the porphyrias described above are all genetically pre- 
determined, in recent years evidence has been provided for the occurrence 
in man of a purely acquired form of hepatic porphyria. The studies of 
Cam (1959) showed that a hepatic form of porphyria in a large number of 
Turks was due to the consumption of wheat treated with the fungicide 
hexachlorobenzene. Photosensitivity was the predominant clinical mani- 
festation (Schmid, 1960). A similar porphyria which is apparently 
acquired by ingestion of a noxious agent has been described among the 
Bantus of South Africa (Barnes, 1955). Clinically the disease is charac- 
terized by photosensitivity. The etiologic agent or agents which 
precipitate the condition has not been specifically identified, but some 
suspicion has been cast upon the large quantities of an adulterated 


alcoholic beverage consumed by the Bantus (Barnes, 1959). 


D. Drug Induced Porphyrin Biosynthesis: Experimental Porphyrias 


The possibility that barbiturates were involved in the 
precipitation of attacks of human acute porphyria was suspected soon 
after the introduction of these drugs into clinical medicine. Convincing 
evidence for this view was later presented by Waldenstrom (1939). In the 
past decade a variety of therapeutic agents have been found to affect 
tetrapyrrole biosynthesis in a manner similar to the barbiturates. These 


drugs include sulfonamides, non-barbiturate sedatives and hypnotics, 
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anticonvulsants and griseofulvin (DeMatteis, 1967). Very small quantities 
of these drugs can trigger an acute and often fatal attack in a patient in 
the latent phase, or aggravate both the clinical and biochemical features 
if administered to a porphyric patient in the overt phase of the disease 
(DeMatteis, 1967). On the other hand, large amounts of these drugs are 
required to cause increased porphyrin excretion in a person with no known 
genetic disposition to the disease. Even these large amounts in normal 
humans do not produce the clinical symptoms of the disease. 

Two compounds related to the barbiturates, viz. Sedormid (II) 
and allylisopropylacetamide (AIA)(II1), were found to cause a disordered 
porphyrin metabolism in livers of normal animals. Such disorders of 
porphyrin metabolism are known as experimental porphyrias (Goldberg & 
Rimington,- 1955). Solomon and Figge (1959) found that 3,5-diethoxycarbonyl- 
1,4-dihydro-2,4,6-trimethylpyridine (DDC)(1), although chemically unrelated 
to AIA (III) or Sedormid (11), also produced a similar experimental por- 
phyria. The experimental porphyrias are biochemically similar to the 
human hepatic porphyria, but the clinical symptoms do not appear to be 
manifested. Despite this, valuable information relating to the biochemical 
lesion in the human disease can be obtained from a study of experimental 
porphyria. 

In his cell culture experiments, Granick (1966) found that at 
low concentrations of the inducing drugs, porphyrin production could be 
reduced by the addition of protoheme. The metalloporphyrin did not 
affect the conversion of §-ALA to porphyrin and did not appear to affect 
the activity of §-ALA synthetase in vitro. On the basis of these experi- 
ments, and on the ideas of Jacob and Monod (1961) with respect to end- 


product repression, Granick has postulated a mechanism whereby porphyria~ 
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Fig. 5. Structures of 3,5-Diethoxycarbonyl-1,4-dihydro-2,4,6-trimethyl- 
pyridine (DDC)(1I); Sedormid (II) ; Allylisopropylacetamide (III); 


5,5-Diallylbarbituric acid (IV); and Hexachlorobenzene (V). 
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inducing drugs act. 
In the model of end-product repression as proposed by Jacob and 
Monod (1961) there are three distinct segments of the DNA molecule which 
are essential for the regulation of genetic expression. These are a 
regulator gene, an operator gene and a structural gene. The structural 
gene contains the genetic information needed to synthesize a given enzyme. 
Transcription of this information into messenger RNA (m-RNA) can be 
initiated at one site only, the operator site. This operator exists in 
open and closed positions. In the open position, the structural gene 
is available to code for the synthesis of m-RNA. On the other hand, when 
the operator gene is in the closed position, no m-RNA can be synthesized. 
The operator is closed when it is engaged by a specific repressor 
synthesized by the regulator gene. In certain cases, this repressor is 
synthesized in an inactive form or apo-repressor. The apo-repressor 
becomes active upon combination with a specific co-factor or co-repressor, 
usually the end product of the metabolic pathway. 
The following is a mechanism of action (Fig. 6) suggested by 
Granick (1966) to account for the drug-induced porphyrin biosynthesis. 
Protoheme is considered to be the specific co-repressor and when combined 
with the apo-repressor engages the operator and curtails transcription. 
When there is insufficient protoheme available for combination with the 
apo-repressor, the operator will be open, allowing synthesis of new m-RNA. 
The porphyria-inducing drugs are thought to act by displacing protoheme 
from the apo-repressor forming an inactive repressor and thus leaving 
the operator open. This allows the structural gene to code for new m-RNA 
which in turn leads to the synthesis of more §-ALA synthetase. 


Since the clinical manifestations of AIP cannot be correlated 
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Regulator He as Structural Gene for 
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Fig. 6. The Operon Concept Applied to the Regulation of the Synthesis 


of §-ALA Synthetase (from DeMatteis, 1967). 
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ks) 
with the overproduction of §-ALA and PBG, Tschudy (1965) has suggested 
that some other genetic defect is the primary defect which leads second- 
arily to the induction of §-ALA synthetase. Many of the drugs which 
induce porphyria are also inhibitors of biological oxidation (Cowger & 
Labbe, 1965). These workers have shown that these drugs block the 
oxidase of reduced nicotinamide-adenine dinucleotide and on this basis 
have suggested that porphyria represents a specific block in the terminal 
oxidase. Tschudy (1965) has suggested that, since §-ALA synthetase is 
the rate-controlling enzyme in the synthesis of the protoheme moiety 
required as the prosthetic group for some respiratory enzymes, certain 


types of respiratory defects may lead to induction of this enzyme. 


E. Structure-Activity Relationships 


The barbiturates and related compounds which are the drugs 
most often implicated in porphyria were the first to be studied from the 
standpoint of structure-activity relationships (Goldberg, 1954). 
Goldberg and Rimington (1962) suggested that the following structural 
features were required for activity in this series of compounds: an 
allyl group together with an amide as in allylisopropylacetamide (AIA) 
(III), or a ureide as in Sedormid (II), or a cyclic ureide as in the 
barbiturates, e.g. diallylbarbituric acid (IV). Similar results have 
been obtained by Stich and Decker (1955) who emphasized the need for a 
free allyl group, and by Talman et al. (1957). 

Recently, several compounds structurally unrelated to the 
barbiturates have been found to be potent porphyria-inducing compounds, 
e.g. DDC (1)(Solomon & Figge, 1959); and hexachlorobenzene (V)(Ockner 


& Schmid, 1961). These findings indicated that the structural 
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features previously thought to be absolute requirements for activity were 
incorrect. The above studies, carried out in whole animals, are in some 
respects unsuitable for the interpretation of pharmacological action on 

a molecular level. Utilizing the in vitro system of chick embryo liver 
cells, Granick (1965) was able to examine the activity of some porphyria- 
inducing drugs at the cellular level. He suggested that steric rather 
than chemical factors are important and that for optimum activity, a 
compound should possess a planar portion with a side chain out of this 
plane. Marks et al. (1965) prepared a series of DDC analogues which 

were tested in guinea pigs and in the chick embryo liver cell system of 
Granick. On the basis of these studies, the importance of, steric features 
for activity was emphasized. Thus the vital feature in the DDC molecule 
was shown.to be an ethoxycarbonyl group which was sterically hindered 
from hydrolysis by two methyl groups. On the basis of these results, it 
was hard to understand why an allyl group had previously been considered 
Sesentlalerormacuivity.ehor this reason, Hirsch et al. (1966) re- 
examined the importance of a free allyl group for activity using the 

in vitro system devised by Granick. They found that at the cellular 
level, the allyl group was not essential for activity. It was suggested 
that the essential feature for activity in the AIA molecule was the amide 
group which was sterically hindered from hydrolysis by the branching in 
the molecule. 

It would be highly desirable if the molecular features res- 
ponsible for porphyria-inducing activity could be defined. This might 
allow the design of drugs without these undesirable features. In order 
to obtain further information regarding the structural requirements for 


porphyria-inducing activity, studies have been carried out with a series 
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of DDC analogues and glutethimide stereoisomers using the chick embryo 
liver cell system of Granick. These studies are reported in Chapter II 


OREN ESPEnesisi. 


F. Screening Drugs for Porphyria-Inducing Activity 


In order to examine the barbiturates and other drugs for 
porphyria-inducing activity, these drugs were either injected intra- 
muscularly or administered orally to a variety of animals followed by 
the measurement of urinary and fecal porphyrins and precursors (Solomon 
& Figge, 1959; Goldberg, 1954; DeMatteis & Rimington, 1963; Rimington 
& Zeigler, 61963:.Marksactmal 4, -1965) 2.5 Talmansetaal . (1957) studied the 
relative porphyria-inducing potencies of the barbiturates and related 
compounds iy injecting the drugs into the yolk sac of eight-day embry- 
onated eggs and measuring the porphyrins which accumulated in the 
abLanbotemniuida., sOnethe basispof athe latter study, Granick (1964, 1965, 
1966) developed an elegant chick embryo liver cell culture system and 
found useful therapeutic agents to possess marked porphyria-inducing 
ability. For this reason, Granick (1964) cautioned against the adminis- 
tration of these drugs to known porphyric patients and relatives of these 
patients. Watson (1966) suggested that many pharmaceuticals, especially 
the sedatives and hypnotics, should be screened in the cell culture 
system as latent cases of acute intermittent porphyria are more prevalent 
than has hitherto been thought. 

A comparison of the ability of pyridine compounds to induce 
porphyria when fed to guinea pigs and when tested in the chick embryo 
liver cell system, revealed that some compounds which are highly active in 


cell culture are only weakly active in guinea pigs (Marks et al., 1965). 





fs 


ovidine dobtio odd gnbeu stamoe los1ote abimrdjasudg boa 


yoi eguysb yadto bos ebisatutidrsed oft saitmeaxe oF tsba0 ni 


‘-s3to0r betostat teiitis stew agutb sesdi..ytivigss gntoubni-siaglgqiog 

qd bewolfoi elsmins jo yielisv 6 of yfisz0 bateietatmbs 10 ylaelooeum 
nomolo2) azoexuostq bas enityiqzog fsost bas yosnity 260 toomestuensm edt 
nojgnimiA ;€0@! ,cotgnimtd 3 etestaeMed ;AcOl .sredblod - eee! copait 3 

ois betbuge (Yeel) .Is te nemfsT .(2d0f -* +9 estveM 7;f6e@i ,rolgisSs 2 
bsjsisy bas essntwiidied sii to esisaetog gatoubni-aitydgtog evigsis1 
~y1dms ysb-iigis to ose Afoy sdi ojnt egutb sda gniszosfal xd sauce : 
efit ot bade tumuoos dotdw enttydqueg oft gnirvesem boe sages bs3an0 

,edey .ddef) Apins19 ,ybutse asttef sda -io ataed ads nd -abtul} annie 
bos meteye stuttus I{eo xovil a Lotto ae 18 bsqoloveb (aver 
gnioubni-staydqroq sateen eeoaeog of eonogs nieengreees Iuleew ban 
~einimbs edt tenitseas benottuss (hd@!) ad : alain eidy xl i toiars 0 
gred3 to eevizeiex brs pence Sinulqtoq nwond og a had eae? to aoliexa 
ubriibncies atohsusbauiede. vasa The beteaggwe (3d0f) noe 38 ame 


4 
stvsiuo Liss sit nt banesx22 ad. bivede ,sobsonqyl bos eevisebse oda 


a. = 
cme eiaydgiog Saa2aimreait ott Oa es259 saeco 












22 


In view of these results, it appeared possible that many useful drugs 
might unnecessarily be excluded from use in porphyric patients. We have 
therefore re-examined the porphyria-inducing activity of therapeutic 
agents in the intact chick embryo and the results were compared to those 
previously obtained utilizing the isolated chick embryo liver cell system. 
By this means, we were able to compare the responsiveness of chick embryo 
liver cells in culture to those in the intact chick embryo. These results 


are reported in Chapter III of this thesis. 


G. Drug Metabolism and Experimental Porphyria 


Cytochrome P-450, a protoheme-containing enzyme of the endo- 
plasmic reticulum, is thought to play a key role in the oxidative meta- 
bolism of fee (Conney, 1967). Phenobarbital, in addition to inducing 
the synthesis of §-ALA synthetase, also increases the activity of the liver 
drug metabolizing enzymes and the amount of cytochrome P-450. The increase 
in activity of drug metabolizing enzymes has been suggested to be caused 
by an increase in the synthesis of cytochrome P-450 (Orrenius & Ernster, 
1964; Remmer & Merker, 1965). 

On the basis of these observations and his ideas of de- 
repression, Granick (1966) has suggested that the porphyrin formed 
following de-repression of §-ALA synthetase in response to porphyria- 
inducing drugs is utilized for the formation of protoheme. This proto- 
heme serves as the prosthetic group of cytochrome P-450 which functions 
in the detoxification of drugs. This sequence of events would facilitate 
removal of the drug from the liver. If this hypothesis is correct, all 
porphyria-inducing drugs should be oxidatively metabolized. Hirsch and 


coworkers (1967) have recently suggested that the underlying critical 
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feature for activity in the AIA (III) and DDC (I) series of compounds is 
an ester or amide group, sterically hindered from hydrolysis. These 
workers also suggested that drugs which could not be metabolized by a 
hydrolytic mechanism were oxidatively metabolized, a process requiring 
increased protoheme and porphyrin formation. Thus on the basis of these 
ideas, the active porphyria-inducing drug DDC (I) should not be metabol- 
ized by a hydrolytic mechanism, whereas the inactive analogue of DDC, viz. 
3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethylpyridine (VI) should be 
readily hydrolyzed and thus easily removed from the liver. In order to 
examine the validity of these ideas, the metabolism of these compounds 
has been studied in chick embryo liver. These results are reported in 
Chapter V. 

The metabolism of 3,5-diethoxycarbonyl-2,4,6-trimethylpyridine 
(VIL) in the intact chick embryo has been studied in order to elucidate 
the cause of its relative inactivity in vivo despite its high activity 


in the liver cell culture system. 
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Fig.7. Structures of 3,5-Diethoxycarbonyl-1,4-dihydro-2,6-dimethyl - 


pyridine (VI), and 3,5-Diethoxycarbonyl-2,4,6-trimethyl - 


pyridine (VII). 
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Introduction 





Resolution of several racemic pharmacologically active compounds 
into their antipodes and study of their biological activity has revealed 
that in many cases activity predominates in one of the isomers. Thus, in 
the case of dl-epinephrine, activity has been shown to reside almost 
exclusively in the l-isomer. Small molecules whose biological action is 
specific and structure dependent are thought to have a molecular structure 
complimentary to the site at which they act. On the basis of this idea, 
Easson and Stedman (1933) formulated a structure for the Q-adrenergic 
receptor which was complimentary to the structure of l-epinephrine. 
Beckett and Casy (1954) studied a series of optical enantiomorphs of 
narcotic analgesics and found that the most active isomer of each pair 
had a spatial configuration related to that of D-(-)alanine. On the 
basis of these results and on those obtained from structure-activity 
relationships, they suggested a possible structure for the analgesic 
receptor. 

Glutethimide, a sedative and hypnotic drug, has been shown to 
possess marked porphyria-inducing activity and Granick (1964) has warned 
against the use of this drug in porphyric patients. Glutethimide has an 
asymmetric carbon atom and the (+) form of the drug has twice the hypnotic 
activity of the (-) form (Schmid et al., 1965). We have examined the 
relative porphyria-inducing potencies of the two isomers for two reasons: 
(1) if the porphyria-inducing activity resides almost exclusively in one 
of the optical isomers, a three dimensional picture of the site of action 
of these drugs could be formulated; (2) if one of the isomers was devoid 


of porphyria-inducing activity, it could be utilized with greater safety 
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than the racemic compound in the treatment of porphyric patients. 

Marks et al. (1965) prepared a series of derivatives of DDC 
(I) and the corresponding pyridine (VII). They found that the derivatives 
containing a 4-alkyl substituent possessed marked porphyria-~inducing 
activity. A study of the Fischer-Hirshfelder-Taylor models and the 
ultraviolet absorption spectra indicated that the 2-, 4- and 6-alkyl 
groups force the 3- and 5-ethoxycarbonyl substituents out of the plane 
of the ring. It was suggested that this non-planar configuration of the 
molecule was essential for activity. 

In a subsequent paper, Hirsch et al. (1967) tested the validity 
of this concept as follows. The 2- and 6-methyl groups of 3,5-diethoxy- 
carbonyl-2,4,6-trimethylpyridine (VII) were removed, yielding 3,5-diethoxy- 
carbonyl-4-methylpyridine (VIII), a compound in which the ethoxycarbonyl 
groups are co-planar with the pyridine ring. This compound was shown to 
be inactive, a result which supported the idea that the two specifically 
oriented ethoxycarbonyl groups are essential for porphyria~inducing 
activity. Further studies of Hirsch et al. (1967) led to a revision of 
the idea that specifically oriented ethoxycarbonyl groups were essential 
for activity. Instead it was suggested that the critical feature 
required for activity was an ethoxycarbonyl group protected from hydro- 
lysis by two ortho-methyl substituents. In the present study, we have 
examined the activity of a series of DDC (I) analogues in which the 4- 
methyl substituent was replaced by a series of different substituents. 

If the hypothesis of Hirsch et al. (1967) is correct, it would be antici- 
pated that provided the 4-substituent shields the ethoxycarbonyl groups 
from hydrolysis, these compounds should be active porphyria-inducing 


substances. In a previous study, Marks et al. (1965) showed that 
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28 
replacement of the ethoxycarbonyl substituents with acetyl groups led to 
a complete loss of activity. To obtain further information on the impor- 
tance of the ethoxycarbonyl groups for activity, we have examined the 


activities of analogues (IX and X) containing cyano groups in place of 


ethoxycarbonyl groups. 


CH 
3 
H CH3 
H.C 400 COOC 5H. NC N 
=< i 
H 
(VEIL) (IX) 


Fig. 8. Structures of 3,5-Diethoxycarbonyl~4-methylpyridine (VIII), 


and!3,,5-Dicyano-1,4-dihydro-2,4,6-trimethylpyridine (IX). 
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Experimental 


i. Source of Compounds 


Racemic glutethimide and its optical isomers were obtained from 
Dr. H. Keberle, Forschungslaboratorien, der Ciba Aktiengesellschaft, 
Pharmazeutische Abteilung, Basel. 3,5-Dicyano-1,4-dihydro-2,4,6-trimethyl- 
pyridine (IX) and 3,5~dicyano-1,4-dihydro-2,6-dimethyl -4-t-butylpyridine 
(X) were synthesized by Mr. G.L. Bubbar in our laboratory (Schneck et al., 
1968). The other dihydropyridines were supplied by Dr. B. Loevs; Smith, 


Kline and French, Philadelphia, Pa. 


ii. Testing of Compounds for Porphyria-Inducing Activity in Chick Embryo 


Liver Cell Culture 


The procedures described below are essentially those of Granick 


(1966). 


Preparation of Reagents 
(a) Calcium and magnesium-free Earle's medium 


The following substances were dissolved in one liter of water 


and the pH adjusted with dilute HCl to 6.8: 


NaCl 6.8 g 
KC1 0.4 ¢g 
NaH, PO, *H50 OF Zone 
Dextrose LORS 
NaHCO, Une. 


The solution was sterilized by filtration through a millipore 


filter (porosity 0.45 uw) and stored at room temperature. 
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(b) Medium for culturing liver cells 


The cell culture medium had the following composition: 

Lee 100 Ml Eagle's Basal medium without phenol red (Microbiological 
Associates). 

ae 10,000 I.U. Penicillin G dissolved in 0.1 ml sterile water (Ayerst, 
McKenna and Harrison). 

5; 10 Mg streptomycin sulfate dissolved in 0.25 ml sterile water (Glaxo- 
Allenburys). 

4, 2000 I.U. Mycostatin (Squibb) suspended in 0.2 ml sterile water. 

5, 10 Ml Fetal Bovine Serum (Microbiological Associates). 


oF 1 Ml of 200 mM Glutamine (Microbiological Associates). | 


(c) Pangestin solution 


One gram of Pangestin (1:75 Difco certified) was suspended in 
100 ml of calcium and magnesium-free Earle's medium and allowed to stand 
for 12 hours at 4°. The pH of the solution was adjusted to 6.8 and the 


suspension filtered by gravity. The filtrate was sterilized by filtra- 


tion through a Millipore filter (porosity 0.45 yu) and the sterile Pangestin 


solution stored in 5 ml aliquots at -15°. The Pangestin used in these 
experiments is an active preparation of pancreatic enzymes containing 


primarily amylopsin, trypsin and steapsin. 


(c) Preparation of cover slips and vials 


The cover slips (size 5/8 inch, thickness 0) were immersed in 
a mixture of concentrated hydrochloric and nitric acids (1:1) for 24 
hours. They were then washed several times by decantation with double 
distilled water. A single cover slip was then placed into each vial with 


the aid of forceps. The vials were capped and autoclaved. 
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(e) Preparation of enzyme solution for digestion of cells 


Immediately before use, 6 ml of calcium and magnesium-free 
Earle's medium were added to a vial containing 100 mg sterile, crystal- 
lized and lyophillized trypsin (Worthington Biochemical). Three milli- 
liters of the Pangestin solution were added to the vial and the contents 


agitated to form a clear solution. 


(f) Preparation of liver cells 


The livers of two 17-day old chick embryos were removed under 
aseptic conditions and washed three times with calcium and magnesium- 
free Earle's solution to remove blood and other debris. These livers 
were placed in a small petri dish containing the enzyme solution and 
chopped with a sterile razor blade into tiny fragments. The mixture was 
then incubated at 38° until most of the cells were separated (approxi- 
mately 20 minutes). During this period, the suspension was gently 
drawn up and down in a large bore Pasteur pipette to aid in separating 
the cells. The separated cell suspension was transferred to a centri- 
fuge tube and allowed to stand undisturbed for 5 minutes to allow the 
larger particles to settle. The suspension minus the large particles 
was then transferred to a second centrifuge tube and centrifuged at 
1000 rpm for 5 minutes. The supernatant was removed and discarded and 
the cells resuspended in 9 ml of calcium and magnesium-free Earle's 
medium. Aliquots of this cell suspension (0.05 ml) were added to the 
vials containing a cover slip and 1 ml of culture medium. The cells 
were incubated at 37° in an atmosphere of moist 95% air and 5% carbon 
dioxide and after a 24 hour period the culture medium was removed and 
replaced with fresh medium. The drugs dissolved in 1 or 2 Uliters of 


95% ethanol were then added to the culture medium and the cells incubated 
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for another 24 hour period. 


(g) Counting the liver cells 

A small aliquot of the liver cell suspension was diluted 1:100 
with 0.9% saline in a serological pipette, and counted on a hematocyto- 
meter. The average number of cells found was 3.4 x 10° per..0; 05_ml-of 


cell suspension. 


(h) Measurement of fluorescence intensity 

The cover slips supporting a monolayer of liver cells were 
carefully removed from the vials, inverted onto glass microscope slides 
and gently blotted. The cover slips were then sealed to the slide with 
a ring of molten paraffin to prevent dehydration of the cells. The 
cover slip-surfaces were again washed with water and blotted dry. Each 
slide was then examined under a fluorescence microscope to detect por- 


phyrins present in the cells. 


(g) Testing drugs for porphyria-inducing activity 

In each experiment, the drug was tested in triplicate at each 
concentration and all drugs were tested in at least two separate experi- 
ments. Several vials to which 1 or 2 microliters of ethanol had been 
added were included as controls in each experiment. To reduce bias in 
scoring results, the vials were identified only by numbers and so 
arranged that the scorer was unaware of its drug content. DDC (I) was 
tested in each experiment as a standard porphyria-inducing agent in 
order to be able to compare the responsiveness of cells from one experi-~ 
ment to another. The fluorescence intensity was scored according to the 


system devised by Granick (1966) as follows: 
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4 All colonies fluoresce intensely 

3 Most colonies fluoresce intensely 
2 Most colonies fluoresce partially 
1 Some colonies fluoresce partially 


Fig. 9A is a phase contrast photomicrograph of a colony of 
chick embryo liver cells grown as a monolayer on a coverslip. According 
to Granick (1966), the cytoplasmic streaming observed at the periphery 
of the colony is indicative of healthy cellular growth. Fig. 9Bis a 
photomicrograph of ultraviolet irradiated cells which had been incubated 
in the presence of a porphyria-inducing drug for twenty-four hours. The 


results obtained in the cell culture experiments are recorded in Table I. 


Results and Discussion 


The results in Table I reveal that the two optical antipodes 
of glutethimide, previously demonstrated to differ in hypnotic potency, 
are apparently equipotent as porphyria-inducing drugs. The reasons for 
this difference might be explained by one or all of the following: 

(1) The asymmetric center of glutethimide may be involved in eliciting 
hypnotic response but not in eliciting porphyria-induction. (2) The 
antipodes of glutethimide are metabolized differently in vivo (Keberle 
et al., 1962). Therefore it is possible that the difference in hypnotic 
potency. observed is simply a reflection of this factor. (3) It is 
possible that a small difference in porphyria-inducing activity exists 
between the two antipodes which cannot be demonstrated by the cell 
culture technique. We thus concluded from this study that: (1) A 


three dimensional picture of the site of action of porphyria-inducing 
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Photomicrograph of Chick Embryo Liver Cells Under Phase 
Contrast Microscope (A); 
Photomicrograph of Fluorescing Cells When Irradiated With 


Ultraviolet Licht (8): 
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TABLE I. PORPHYRIN ACCUMULATION IN PRIMARY CULTURE OF CHICK EMBRYO 
LIVER CELLS INDUCED BY GLUTETHIMIDE AND DIHYDROPYRIDINES 


AND MEASURED BY FLUORESCENCE MICROSCOPY 


Compound Concentration Intensity of Fluorescence Mean 


(UM) = Cte/ml) | Expe.t  Expt-2 Expt.3 





Glutethimide 46 10 265 1 15 
(+ isomer) 2.5 25 25 
15 2 2 2 
9 2 0,5 0.5 1 
0.5 a) as) 
O25 5 t 0.5 
Glutethimide 46 10 3 25 5 
(- isomer) 25 2 5 
355 i} 2 2 
9 Z a) ay i 
5 2) 1 
5 0.5 0.5 O25 
Glutethimide 46 10 20 1b te eS) 
(+ isomer) Phy) 5 gs 
24:5 ae 2 2 
9 2 On. 5 5 sly 
Of5 5 ae 
025 il OFS 035 
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TABLE I Continued 





Compound Concentration Intensity of Fluorescence Mean 


(uM) (vHe/ml1) Expt.1 Expt. 2 Expt.3 





292 50 0 0 
H CH, . ; 
NC CN 
fl 0.5 0 0 
HAC CH, 
i 29 5 0 0 
(IX) z . 
0 0 0 





(X) T 0 7 
170 50 2.5 as 2.5 
3 3 2 
a DS on 2.5 
CH 
Ee 3 
Bes 17 5 2 2 3 
H.C ,00C CO0C 5H. 
2 1.5 ons 
H.C CH 
3 3 
; 2 2 2 2 
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TABLE I Continued 





Compound Concentration Intensity of Fluorescence Mean 


(HM) (We/mly Expt. l “Expt. 2 Expt. 3 
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TABLE I Continued a 


Ce 


Compound Concentration Intensity of Fluorescence Mean 


GUM sen Gie/ml)eetExpt. LatExpt. 2 Expt. 3 
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drugs could not be formulated on the basis of the structure of the glute- 
thimide isomers. (2) Neither of the antipodes of glutethimide could be 
used with safety in the treatment of porphyric patients. 

The inactivity of the two compounds in which the ethoxycarbonyl 
groups are replaced by cyano groups (Table I; IX and X) is consistent 
with the studies of Marks et al. (1965) indicating that an ethoxycarbonyl 
group with two ortho-methyl groups is essential for activity in this 
series of compounds. 

The high degree of activity observed with 3,5 diethoxycarbonyl- 
1,4-dihydro-2,6-dimethyl-4-isopropylpyridine (XI) is in accord with the 
hypothesis of Hirsch et al. (1967) that the 2-,4- and 6-alkyl substituents 
shield the ethoxycarbonyl groups from hydrolysis. The weak activity of 
the dihydropyridine analogues (XII, XIII and XIV) was not anticipated 
since these compounds all have large substituents in the four-position 
and in addition, have methyl groups in the 2- and 6-positions. Thus the 
degree of activity of the 3,5-diethoxycarbonyldihydropyridines (XII, XIII 
and XIV) with substituents in the 2-, 4- and 6-positions was not predic- 
table on the basis of the hypothesis of Hirsch et al, (1967). A possible 
factor complicating the interpretation of the results is the following: 
Loev and Snader (1965) have demonstrated that oxidation of the dihydro- 
pyridines containing a 4-isopropyl (XI), 4-cyclohexyl (XII), 4-cyclohex- 
3-enyl (XIII), or 4-benzyl (XIV) substituent results in loss of the 4- 
substituent in addition to aromatization. This transformation occurs 
when there is crowding at the 4-position due to the large size of the 4- 
substituent and where a stable carbonium ion can be formed from the 4- 
substituent. It is possible that oxidative liver enzymes remove the 


substituent in the 4-position leaving the ethoxycarbonyl substituents 
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open to hydrolysis and subsequent inactivation of the drug. 

The moderate porphyria-inducing activity of 3,5-diethoxycarbonyl- 
1,4-dihydro-2,6-dimethyl-4-phenylpyridine (Table I; XV) was surprizing 
because this compound had been reported to be inactive when administered 
to guinea pigs via gastric intubation (Marks et al., 1965). This phenom- 
enon of a compound exhibiting activity in the cell culture system and yet 
possessing no activity in vivo has been observed previously with other 
compounds (Marks et al., 1965). The reason for this has been investigated 


and is reported in a subsequent chapter of this thesis. 
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CHAPTER III DRUG-INDUCED PORPHYRIN BIOSYNTHESIS 


IN THE INTACT CHICK EMBRYO 
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Introduction 


The ability of drugs to induce porphyria has been studied by a 
variety of methods. A common method has been oral administration to mice 
(DeMatteis et al., 1961; DeMatteis & Rimington, 1963; Nakao et al., 1967), 
rats (Ockner & Schmid, 1961), or rabbits (Schmid & Schwartz, 1952; Stich 
& Decker, 1955; DeMatteis et al., 1961). A second method involved drug 
administration by gastric intubation to guinea pigs, rabbits and rats 
(Goldberg, 1954; Stich & Decker, 1955; Rimington & Ziegler, 1963; Granick, 
PIO) tliat Koectealy,) L905) "sAdgministration Oo: drugs CoO fanimals by intra- 
muscular or intraperitoneal injection has been another way of studying 
porphyria-inducing activity (Case, Aldrich & Nevé, 1953; Goldberg, 1954). 
In these studies, the degree of porphyria was assessed by measuring the 
amount of porphyrins and their precursors in the urine and feces. 
Rimington and Ziegler (1963) examined the ability of chlorinated benzenes 
to induce porphyria by feeding these compounds to rats. They assessed 
the degree of porphyria by measuring the amount of porphyrins in the 
liver. Talman et al. (1957) developed the following procedure for 
studying porphyria-inducing activity: drugs were injected into the yolk 
sacs of 8-day embryonated eggs and the degree of porphyria was assessed 
by measuring the porphyrins which accumulated in the allantoic fluids. 
These screening procedures were time consuming and required at least 
several days to perform. Since the relationship between dose and res- 
ponse was not determined in any of these studies, it is possible that 
some compounds reported to be inactive may have been active at higher 
doses. In order to screen a large number of drugs for porphyria-inducing 


activity in vivo, it is important to have a screening procedure which can 
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be performed easily and yield reliable results. This chapter describes 
a simplified procedure for determining porphyria-inducing activity in the 
intact chick embryo by measuring porphyrin accumulation in the liver. 

Utilizing the chick embryo liver cell system, Granick (1964, 
1965, 1966) examined a large number of drugs for porphyria-inducing 
activity. On the basis of these results, he cautioned against the use 
of glutethimide, methsuximide, phensuximide, the barbiturates, mepheny- 
toin, griseofulvin and other drugs in patients or relatives of patients 
with porphyria. It has been suggested that many pharmaceuticals, 
expecially sedatives and hypnotics, should be screened in the cell 
culture system for porphyria-inducing activity (Watson, 1966). 

The results presented in Chapter II of this thesis indicated 
that liver cells, cultured as a monolayer, may respond differently to 
porphyria-inducing agents than do liver cells in vivo. This phenomenon 
of a drug inducing porphyria in vitro but possessing no activity in vivo 
has been observed previously: (1) Marks et al. (1965) found that 3,5- 
diethoxycarbonyl-2,4,6-trimethylpyridine (VII) was active in vitro but 
inactive when administered by gastric intubation to guinea pigs. (2) 
Goldberg and Rimington (1962) found Q-propylvaleramide to be devoid of 
activity in vivo, yet when subsequently tested in the chick embryo liver 
cell culture system, this compound was shown to possess moderate por- 
phy Giasinducing activity, (Hirsch et al.) 41966). 

It appeared possible that on the basis of the in vitro test, 
several valuable drugs might be unnecessarily excluded from use in 
porphyric patients. For this reason, we have utilized the procedure 
developed with the intact chick embryo to determine the porphyria- 


inducing activity of drugs whose activity had previously been determined 
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in chick embryo liver cell culture. Differences were expected in view of 
the following considerations. (1) In cell culture, the effect of drugs is 
studied on cells in an artificial environment without interference by 
nervous and humoral factors present in the intact organism. (2) In cell 
culture, the cells are released from the normal 3-dimensional framework 
and the influence of intercellular contact is diminished. (3) Drug 
activities observed in cell culture are independent of the effects of 
absorption, distribution and excretion which complicates the activities 


observed with a drug in the intact organism (Schindler, 1969). 


Experimental 
if Source of Compounds 

The pyridines (VII), dihydropyridines (I, VI and XVI), 1,4- 
diethoxycarbonyl-2,3,5,6-tetramethylbenzene (XVII) and Q-propylvaleramide 
were prepared previously in our laboratory (Marks et al., 1965; Hirsch et 
al., 1967). Hexachlorobenzene was purchased from Fisher Scientific, Fair 
Lawn, N.J., and coproporphyrin I tetramethyl ester (grade B) from Cal- 
biochem, Los Angeles, Allylisopropylacetamide and methyprylon were obtained 
from Hoffman La Roche, Montreal, glutethimide from Dr. H. Keberle, 
Forschungslaboratorien, der Ciba Aktiengesellschaft, Pharmazeutische 
Abteilung, Basel, and Q-isopropylvaleramide from Prof. C. Rimington, 
University College Hospital, London. Mephenytoin was supplied by Sandoz 
Pharmaceuticals, Dorval, Quebec. Sodium phenobarbital, sodium diphenyl - 
hydantoin and meprobamate were supplied by Dr. L. G. Chatten, Faculty of 
Pharmacy, University of Alberta; Bemegride by Abbott Laboratories, Montreal, 
Quebec; methsuximide and phensuximide by Parke, Davis & Co., Ann Arbor, 


Michigan. Sodium secobarbital was supplied by Eli Lilly & Co., Indianapolis, 
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Ind., diallylbarbituric acid by Ciba Pharmaceutical Products, Summit, 
N.J., and amobarbital and aprobarbital by Drs. R. F. Labbe and M. L. 
Cowger, University of Washington, Seattle, Wash. All reagents and 


chemicals used were of reagent grade and available commercially. 


ii. Source of Embryos 

Fertilized eggs used were of a white Leghorn strain obtained 
from the University of Alberta Farm. They were incubated at 38° and a 
relative humidity of 68% in a Humidaire Model 50 incubator allowing auto- 
matic rotation of the eggs every hour. The age of the embryo was taken 


as the number of days from the onset of incubation. 


iii. Procedure for Administration of Drug to 1/-Day Chick Embryos 

The compound under study was dissolved in dimethylsulfoxide 
(DMSO; 0.1 ml). DMSO was the solvent selected because it readily dis- 
solved most of the drugs to be tested and it produced no apparent toxi- 
city. For accurate injection of this small volume, a sterile 1 inch 21 
gauge disposable needle was attached to the tip of a graduated 0.2 ml 
pipette. The egg was cleansed with 70 percent ethanol and a small hole 
was made in the egg shell above the air sac. The drug was injected 
through the chorioallantois into the fluids surrounding the embryo. The 
opening in the shell was covered with cellophane tape and the chick 
embryo incubated at 38°. At the completion of the incubation period, 
the embryo was sacrificed and the entire liver, weighing approximately 


0.4 g was removed for extraction of porphyrins. 


iv. Calibration of the Fluorescence Curve for Coproporphyrin I 


A stock solution of coproporphyrin I in 1 N HCl was prepared by 


the procedure of Talman (1958) as modified by Schwartz and described 
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below. An accurately weighed quantity of coproporphyrin I tetramethyl- 
ester (approx. 0.5 mg) was hydrolyzed overnight with 1 ml of 7.5 N HCl 
and then made up to 100 ml with 1 N HCl. This stock solution was then 
diluted with 1 N HCl so that calibration curves covering a concentration 
range of 0.1 to 10 ug/100 ml were obtained. When stored in an amber- 
colored bottle at 4 this stock solution is stable for several months. 
Granick (1966) has shown that coproporphyrin III constitutes over 80 
percent of the total porphyrins present in induced liver cells. Since 
the fluorescence properties of coproporphyrin I and coproporphyrin III 
are identical and since coproporphyrin I is more readily available, it 
was selected as the standard. 

All fluorometric determinations were performed utilizing a 
Turner Model 110 Fluorometer with a 405 mt band pass primary filter 
and a Wratten No.25 (595 mu) sharp cut secondary filter. The latter 
filter passes all light above 595 mu. The resulting calibration curves 


are shown in Fig.10. 


Vv. Extraction and Estimation of Porphyrins in Chick Embryo Liver 


The procedure was a modification of that described by Schwartz 
et al. (1960). The liver (approx. 0.4 g) and 5 ml of ethyl acetate- 
acetic acid (4:1) were placed in a Potter-Elvehjem apparatus and the 
mixture homogenized. After centrifugation of the homogenate at 2500 
rpm, the supernatant was decanted into a separatory funnel. The residue 
was resuspended in 5 ml of ethyl acetate-acetic acid (4:1) and homo- 
genized. After centrifugation the supernatant was added to the first 
extract in the separatory funnel. This extraction was repeated for a 
third time. Ten ml of sodium acetate solution (3%) and 1 drop of 0.1 


percent iodine in ethanol were added to the combined ethyl acetate- 


or 
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acetic acid extract. After thorough agitation, the lower layer con- 
taining the aqueous phase was removed and discarded. The organic layer 
was washed with 10 ml of 3 percent sodium acetate solution. 

Porphyrins (coproporphyrin and/or protoporphyrin) were 
extracted from the organic phase with three portions (10 ml) of 3N HCl. 
The first of these acid extracts was examined for the presence of por- 
phyrin fluorescence under a long wavelength ultraviolet lamp. The 
limit of detection by this qualitative method was 1 ug of porphyrin per 
gram liver. The volume of the combined acid extracts was made up to 100 
ml with distilled water and the porphyrin content determined fluorometri- 
cally using 1N HCl as the reagent blank. Results are eeeranaed as Ug 


coproporphyrin per gram wet weight of liver. 


vi. Recovery of Added Porphyrin to Liver 


Coproporphyrin I in HCl solution was added to livers obtained 
from untreated embryos. The acid was neutralized with an equivalent 
amount of NaOH and the porphyrin extracted as described above. Recovery 


was found to be 97.3 +t 1.5 % (t SE of mean, n = 5). 


vii. Relationship Between Dose of DDC Administered and Porphyrin 
Accumulation in Chick Embryo Liver 
3,5-Diethoxycarbonyl-1,4-dihydro-2,4,6-trimethylpyridine (DDC) 
(0.1 mg) in DMSO (0.1 ml) was injected into chick embryos in the manner 
described above. After incubation at 38° for 24 hours, the liver por- 
phyrin content was determined. This experiment was repeated using 0.5, 
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viii. The Rate of Porphyrin Accumulation in Liver Following Injection 
of 4 mg DDC into Chick Embryos 
DDC (4 mg) dissolved in 0.1 ml DMSO was injected into the fluids 
surrounding the embryo as described above. The embryos were sacrificed 
AteO,0, 3,808 10,012,.16, 20, 24, 30, 36 and 48 hours following drug ad- 
ministration and porphyrin accumulation determined. The results are shown 


ineceapDles tll, 


ix. Induction of Porphyria in Mice 

The compounds dissolved in saline or sesame oil (approx. 0.2 m1) 
were injected intraperitoneally once daily into mice. Insoluble compounds 
were suspended in sesame oil prior to injection. In one series of experi- 
ments only one injection was given. In a second series, the drug was 
injected once daily for 4 days and in a third series, once daily for 14 
days. DMSO was found to be unsuitable as a solvent for drugs as it was 
toxic to mice when administered once daily for several days. After the 
desired time period, animals were sacrificed and a portion (weighing 
approx. 0.2 g) of each lobe of the liver was removed for extraction of 
porphyrins. The above studies in mice were carried out with the assis- 
tance of T. Theman and D. Eliason, summer students in this department. 
The conclusions from this work are summarized in Table V for comparison 
with the results obtained in the chick embryo. If no significant increase 
in porphyrin content of the liver was detected, the compound was desig- 


nated as inactive. 


xX. Induction of Porphyria in Chicks 


Hexachlorobenzene was administered as a 1.5% mixture by weight 


in the diet while griseofulvin was administered as a 2.5% mixture. 





x 


eblul? sda osnt bajosftnt asaw O8Md Im 1.0 at boviowstb (gm *), 90d 


nwofe eta eilusst oat -bonimvsteb sottsIumucon obagdgzog bos noliszielobm 


| +11, olds? o2 


(im &.6 .xorqqs) [to ombese Yo sntise nt baviosetb ebavogsos afT al 
| oxew 

ebnuogmo>s sidulovani .avim otni viteb sono Yifssnottisqavint basost ar 

“treqxs to estre2 eno nl .notisetnt 63 toltg fto smegee nt bebnegebe syee 


2aw gutb oft ,esiise bnoose 6 nl .netig a6w soldsefAl ono “ 230m 


af zo} yvliab sono (2abtee brid? 8 ot bas eyeb A tod vgaee sono bosset al ; 


asw ti es egurb sot tnsvioe 8 es oldest twenty ed of Brio? aa o2Ma ah 


si3 2922A .aysab Istavee to? ylisb.aono betedetnimbs facie solm 2 ones 
gningiew) notisog s bas booliliose stew etemtwa -bobteg smiz boxteeb 
. ty t % > 


to noiioBt3xe 101 bavome1 ssw asvit ong Yo adof doas do (a $.0 +xoTqgS 


“étage sj d3iw tuo beitiss sisw soim ot eetbuse sveds eT -eobrydq3og 


Josmaxeqsb atid ni etnebuse Yommie .nowstta 1.6 bes named? .1 46 sonal 


Hoeiiegmos 102 V ofdeT ot bostismmuye sap Sow abs mot? enoteuvlanos. ent 
sesdIont Insollingte on 17 oing Aobdb ot oF buntesde Situeox ads dale 
“greab aay bouogmos edz chads esi Sew eis! 99! soe 

— pe FO ad eT ee 


7 ew a ; Deana 7. pa an) Fae a pas! 
ror Miia. — 


ds Wie 
beotiitose o78w zoytdms sil .svods Race eeD aR oyrdme “= _gntbavorzua 
-bs gu7b gpkwollo2 wiuod 83 bas df 08 ,as 108 .OL Sate OL ) f 20.0 3a 








50 


Feeding, ad libitum, was begun on the first day after hatching and 
continued for 6 days. At this time the animals were sacrificed and the 


livers removed for analysis of porphyrins. 


Results and Discussion 





The first objective of these studies was to determine the 
relationship between the porphyrin accumulation in chick embryo liver 
and the administered dose of a known porphyria-inducing drug, viz. DDC 
(I). The latter was to be used throughout as the standard of comparison. 
This information (Table II) was required for rational selection of dose 
ranges for the drugs subsequently to be tested. 

The next objective was to determine the time required for a 
porphyria-~inducing agent to induce maximal porphyrin accumulation. The 
accumulation of porphyrins in the chick embryo liver at different time 
periods following administration of DDC is recorded in Table III. Por- 
phyrin accumulation was detected as early as three hours after injection 
of the drug so that the time required for the induction of the enzyme, 
6-ALA synthetase, is relatively short. From the results in Table III 
it was decided to select 24 hours as an appropriate and convenient time 
period for studying drug-induced porphyrin accumulation since little or 
no significant increase occurred after this time. 

The first series of compounds tested were those possessing 
dihydropyridine, pyridine and benzene rings. Having been previously 
screened for porphyria-inducing activity both in vivo and in monolayer 
cultures of chick embryo liver cells, these compounds served as a means 


whereby the validity of the intact chick embryo procedure as a screening 
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TABLE II. PORPHYRIN ACCUMULATION IN CHICK EMBRYO LIVERS 24 


HOURS AFTER INJECTION OF DIFFERENT DOSES OF DDC 


rs SSS 





Dose Porphyria-Inducing Activity Number of 
(mg/egg) (ug porphyrin/g liver)” Experiments 
Control 02465" (0; 23° > 0:99) 20 

Onl 6.2 (3)..9j4- 29 30) 5 

OS UNE y05 (Sal iene y) 5 

10. 19 (4.9 - 40) 10 

2: 0 103 Cle OF ar 195) 8 

4.0 136 Gis = 208) 10 

8.0 156 G26 =_ 327) 10 

16.0 184 (64-5225) 8 
S240 200 (O53 -" 558) 8 


Expressed as coproporphyrin I/wet weight liver, the extreme 


values are given in parentheses. 
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TABLE III. PORPHYRIN ACCUMULATION IN CHICK EMBRYO LIVER 


WITH TIME FOLLOWING INJECTION OF 4 MG DDC 





Time Porphyria=inducing Activity Number of 
(Hr ) (Ug porphyrin/g liver)* Experiments 
O25 O93 7) (O785 2.0. 39) 5 
3 Pe Ome CO, Olea Ze) 5 
6 Oral: (5 9 arele 9) i 
10 55 (i325 =8.05) 5 
IZ 43 (300s) 73) 10 
16 87 (os) -9103) 5 
20 112 (34-5159) 5 
24 136 C725=5208) 10 
30 173 (92h 272) 5 
36 NSS) (43 4212) 5 
48 £79 (94 - 296) 7 
Control 
(no drug 
added) ORG mee 0 2 SoD) 20 


*Expressed as coproporphyrin I/wet weight liver, the extreme 


values are given in parentheses. 
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test could be studied, The results obtained with the dihydropyridines 
(I, VI and XVI) in the intact chick embryo (Table IV) corresponded with 
results obtained previously using monolayer cultures of chick embryo 
liver cells (Marks et al., 1965; Granick, 1966), and oral administration 
to guinea pigs (Solomon & Figge, 1959; Granick, 1965; Marks et al., 1965). 
In all three test procedures, dihydropyridines I and XVI, exhibited marked 
porphyria-inducing activity while VI was inactive. On the other hand, the 
related pyridine compound (VII) and the benzenoid compound (XVII) which 
possessed marked activity in monolayer cultures of chick embryo liver 
cells (Hirsch et al., 1967) were practically devoid of activity in the 
intact chick embryo (Table IV). The pyridine compound (VII) had been 
shown previously to possess no porphyria-inducing activity when admin- 
istered via gastric intubation to guinea pigs (Marks et al., 1965). 
Administration of compounds I, VII and XVII to mice by intraperitoneal 
injection (Table V) yielded results similar to those obtained in the 
intact chick embryo. As a system for detecting porphyria-inducing acti- 
vity, the intact chick embryo appears from these preliminary studies to 
yield results similar to those from other in vivo screening procedures. 
Attempts to test 3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethyl-4-phenyl - 
pyridine (XV) and 3,5-diethoxycarbonyl~1,4-dihydro-4-methylpyridine 

in the intact chick embryo were unsuccessful because of their 
tOuteLty. 

The results obtained with allylisopropylacetamide (AIA), Q—- 
propylvaleramide, sodium secobarbital, diallylbarbituric acid, and 
phenobarbital (Table VI) using the intact chick embryo corresponded to 
the results previously obtained with monolayer cultures of chick embryo 


Iiver cello) (Hirsch et al., 1966,.1967. Sehneckvet all, 1968). Thus, 
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TABLE IV. PORPHYRIN ACCUMULATION IN LIVERS OF CHICK EMBRYOS INDUCED 


BY COMPOUNDS CONTAINING PYRIDINE, DIHYDROPYRIDINE AND BENZENE RINGS 





Dose Porphyria-Inducing No. of 
Compound (mg/ege) Activity” Expts. 
(4g porphyrin/g liver) 


re 


Control (only 
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TABLE IV. Continued 





Dose Porphyria-Inducing No. of 
Compound (mg/ege2) Activity* Expts. 
(ug porphyrin/g liver) 
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a Expressed as coproporphyrin I/wet weight liver, the extreme values 


are given in parentheses. 
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TABLE V. PORPHYRIN ACCUMULATION IN LIVERS OF MICE 
INDUCED BY DRUGS 
and orient ea an ee a lan le cn Al tee ed Sa Sec lla esas 


Dose Porphyria-~Inducing 
Compound (mg/kg) Activity 


(ug porphyrins/g liver)” 
ne nn rn 


Control OF26 CO721 = 0,35) 

H cH, 25 6.9 (OnaOn—25 1) 
H.C ,00C i : COOC 5H, 50 54 Gir 6> =) 175) 
HC cH, 100 62 C5813) 
H 150 86 Cio, 49-7100) 

(I) 

Allylisopropylacetamide (p> 1 COU7O8= 3,2) 
CUED) 150 4.6 G6 -7 72.8) 


TE SET ES A SR SE A I TE TS RS SRS RS I EY TEIN EPR 


The following compounds did not induce porphyria in mice, 
compounds VII and XVII, G-propylvaleramide, sodium secobarbital, 
glutethimide, mephenytoin, methyprylon, sodium diphenylhydantoin, 


meprobamate, bemegride, methsuximide and phensuximide. 


- Expressed as coproporphyrin I/wet weight liver, the extreme values 
are given in parentheses, 


Each drug was tested in at least 5 animals at each dose. 
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TABLE VI. PORPHYRIN ACCUMULATION IN LIVERS OF CHICK EMBRYOS 


INDUCED BY BARBITURATES AND RELATED COMPOUNDS 


ce rc lt a ell a aon La ene ll Set a et aa oP eas 2 
Dose Porphyria -Inducing Novo. 
Compound (mg/egg) Activity Expts. 


(ug porphyrin/g liver)* 
a ee et ee SEER Bier YO ALVGE LACES, CHS felatec com 


Control (only 


solvent given) 0.46 (0.23 - 0.99) 20 

Allylisopropyl - 10 9.7 CO), eh 8 ets}s) 
id 

a 4.0 33 (10-7 = 106) 6 

25 (7.4 - 46) 5 

Q-Propylvaler- mo) 10.6 (0.68 - 30) 5 

emi.dc 4.3 33 (On 152) | 6 

8.6 5.8 (ONSOm= 25) 5 

a-Isopropylvaler- 4.0 uy | CUO aa loo) 6 

ae 8.0 OPAC Bette (On sea be, 2) 3 
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7S 2048) andl bee) 5 

Sodium amobarbital a7 0.67 COS 5S: 3 OFRT9) 5 
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14.8 2, (l Geih SA) 3 

Aprobarbital 375 4.1 (O73 1a) 5 

70 oul (Lele) 6 

Diallylbarbituric eal 0.63 (0.55 - 0.69) 5 

acid 6.2 04808 ¥0039 Suess) 5 

1) th 6.4f 1 

Sodium phenobarbital 348 0369. C045/ 1 1.0) 5 

7.6 hal (0.57 - 2.5) 6 

Lone {2 (0.86 - 1.6) 3 


A SS SS SS Sn ES 


% Expressed as Ug coproporphyrin I/wet weight liver. The extreme values 
are given in parentheses. 


+ Only one embryo of 5 survived this dose. 
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in both test procedures, AIA, Q-propylvaleramide and sodium secobarbital 
exhibited marked porphyria-inducing activity while phenobarbital (Granick, 
1966) and diallylbarbituric acid had only weak activity (Hirsch et al., 
1966). In spite of the fact that it had shown comparable activity to 
AIA in monolayer cultures of chick embryo liver cells, the related com- 
pound Q-propylvaleramide was considerably less active than AIA in the 
intact chick embryo. Aprobarbital, which possessed marked activity and 
amobarbital, which was weakly active have not been tested in monolayer 
cultures of chick embryo liver cells. It is of interest to compare our 
results with those reported by Talman et al. (1957) who injected drugs 
into the yolk sac of 8-day embryonated eggs and measured the degree of 
porphyria by estimating porphyrin accumulation in the allantoic fluids. 
Thus, secobarbital, aprobarbital and diallylbarbituric acid, found to be 
active in our procedure, were also found to be active by the above 
authors. To facilitate further discussion and comparison with the work 
of previous authors, a table summarizing our results and those of 
previous workers has been prepared (Table VII). 

While AIA was found to possess activity when injected intra- 
peritoneally into mice, Q-propylvaleramide and sodium secobarbital were 
inactive (Table V). It is of interest to compare these results with 
those reported by other laboratories (Table VII). Secobarbital, diallyl- 
barbituric acid, aprobarbital and phenobarbital have been found to be 
active porphyria-inducing agents in rabbits while amobarbital was found 
to exhibit no activity (Goldberg, 1954). Stich and Decker (1955) demon- 
strated porphyria~inducing activity with aprobarbital and diallylbarbi- 
turic acid but not with phenobarbital when these compounds were adminis-~ 
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TABLE VII. SUMMARY OF PORPHYRIA-INDUCING ACTIVITY OF DRUGS 
IN ANIMALS AND MONOLAYER CULTURES OF CHICK EMBRYO 


LIVER CELLS 








Compound Cell Chick Mice Guinea Rabbits Rats 
Culture Embryo Pigs 
DDC + + + + + = 
Dihydropyridine 
(XVI) + + + 
Dihydropyridine 
(VI) = - z 
Pyridine 
(VII) a5 = © = 


Benzene Compound 


(XVII) + ~ - - 
Allylisopropyl- 
acetamide + oe + Ue + st 
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TABLE VII Continued 
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Compound Cell Chick Mice Guinea Rabbits Rats 
Culture Embryo Pigs 

Diallylbarbituric 

acid + ar SF 
Sodium phenobarbital + + - mee 
Glutethimide of Tr & 
Mephenytoin te + = 
Methyprylon ap + - 
Sodium 
diphenylhydantoin oF + - 
Meprobamate + a = 
Bemegride ce = = 
Methsuximide a ce = 
Phensuximide = 1 ¥ 
Griseofulvin f- : ae Be 
Hexachlorobenzene =f re =P “ Ty =F 
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procedure using the intact chick embryo yielded results similar to those 
obtained in monolayer cultures of chick embryo liver cells, and with the 
exception of Q-isopropylvaleramide which has been reported to be inactive 
when administered to rabbits (Goldberg & Rimington, 1962), the results 
correspond to other in vivo test procedures. The results obtained in 
vivo, led previous workers (Stich & Decker, 1955; Talman et al., 1957; 
Goldberg & Rimington, 1962) to emphasize the importance of an allyl group 
for activity since compounds possessing an allyl group were active while 
those lacking such a group were not. Studies of Hirsch et al. (1966) 
showed that an allyl group was not required for activity when these com- 
pounds were tested in monolayer cultures of chick embryo liver cells. 

Our present studies where the activity of Q-propylvaleramide and Q-iso- 
propylvaleramide was compared with that of AIA in the intact chick 

embryo showed that an allyl group while not essential does enhance the 
activity of these compounds (Table VI). 

Using the intact chick embryo, porphyria-inducing activity was 
revealed in the following compounds in agreement with results in mono- 
layer cultures of chick embryo liver cells (Granick, 1966): glutethimide, 
mephenytoin, methyprylon, meprobamate, methsuximide, phensuximide and 
diphenylhydantoin (Table VIII). However, bemegride, griseofulvin and 
hexachlorobenzene which were shown to be active in monolayer cultures of 
chick embryo liver cells (Granick, 1966) could not be shown to be active 
in the intact chick embryo (Table VIII). In the case of bemegride, this 
discrepancy might be explained by the fact that its toxicity in the chick 
embryo prevented the administration of a dose sufficiently large to 
demonstrate activity. Hexachlorobenzene was only slightly soluble in 


dimethylsulfoxide (DMSO) and this might have accounted for the failure 
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TABLE VIII. PORPHYRIN ACCUMULATION IN LIVERS OF CHICK EMBRYOS 


INDUCED BY MISCELLANEOUS DRUGS 





Compound Dose Porphyria-Inducing Nose.ot 
(mg/egg) Activity. Expts. 
(ug porphyrin/g liver) 


eR SS 
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solvent given) 0.46 (0.23 - 0.99) 20 
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6.6 Sy (B57 =2 91) 5 
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80 Leg Ge omews4 ) 5 

Methyprylon 450 ES) CG ea 21228) 5) 
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to demonstrate activity with this compound. The compounds in Table VIII 
which exhibited porphyria-inducing activity in the intact chick embryo 
were all devoid of activity when administered to mice (Table V). 
Hexachlorobenzene and griseofulvin have previously been shown 
to induce porphyria in man (DeMatteis, 1967) and in several animal species 
(Ockner & Schmid, 1961; DeMatteis & Rimington, 1963). It was thus of 
interest that these compounds were active in monolayer cultures of chick 
embryo liver cells but inactive in the intact chick embryo. There 
appears to be three possible explanations for this finding. (1) The 
monolayer cultures of chick embryo liver cells possess altered properties 
when compared to the intact liver. (2) The drugs were unable to achieve 
an adequate concentration in the liver after injection into the fluids 
surrounding the chick embryo. (3) These drugs require longer than a 
24 hour period to produce a significant accumulation of porphyrins in 
the chick embryo liver. Ockner and Schmid (1961) observed that some 
rats treated with hexachlorobenzene for a period of several weeks died 
without exhibiting any abnormality in syaeligree metabolism. They did, 
however, show the toxic manifestations of the drug. It was thus desir- 
able to determine whether porphyrin accumulation in the liver could be 
induced when these drugs were administered orally to young chicks for 
a period considerably longer than 24 hours. After feeding the drug 
for 6 days, porphyria-inducing activity was detected with both drugs 
(Table IX). Therefore, these two drugs appeared to be unusual in the 
long period of time required to induce porphyrin accumulation. 
The failure of all compounds tested except DDC (I) and AIA 
(IIL) to induce porphyria when injected into mice (Table V), indicates 


that a major difference might exist between the responsiveness of avian 
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TABLE IX. PORPHYRIN ACCUMULATION IN THE LIVERS OF 


YOUNG CHICKS FOLLOWING ORAL ADMINISTRATION OF DRUGS 








Compound % Drug Porphyria-~Inducing No. of 
Administered Activity® Expts. 
in Diet (ug porphyrins/g liver) 
Hexachlorobenzene vS 0.83 +0.05' 6 
Gr ieeoti lain Das 0.34 to.o1t 6 
Control 0 Oreo. 01 6 


* Expressed as coproporphyrin I/wet weight liver, mean t SE of mean. 


t Significantly greater than control, P < 0.05. 
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and mammalian (mouse) liver cells to drugs. We have assumed that porphyrin 
accumulation in the liver can be equated with increased synthesis of §- 
aminolevulinic acid synthetase in view of the fact that Granick (1966) has 
marshalled considerable evidence to support this idea in monolayer cultures. 
While it is possible that this assumption does not hold in the intact 
animal where there is the possibility of excretion of porphyrins and 
precursors, there have not been any reports of porphyria-inducing drugs 
which failed to cause the accumulation of coproporphyrin and/or protopor- 
phyrin in the liver (DeMatteis & Prior, 1962; Onisawa & Labbe, 1963). In 
view of the failure of demonstrate porphyria-inducing activity in mice, 
the question arises as to the relevance of results obtained in an avian 
species to the results anticipated in the porphyric patient. To resolve 
this question, it is valuable to consider what has occurred when some of 
these drugs have been administered to patients with porphyria. Thus, 
secobarbital, meprobamate, methsuximide and diphenylhydantoin which have 
been shown to be active in the monolayer culture of chick embryo liver 
cells and the intact chick embryo have also been shown to produce a 
clinical relapse in porphyric patients (Cowger & Labbe, 1965). Since 
these drugs are inactive in mice, it seems that the results obtained 

using avian liver cells allow better prediction of the results to be 
expected in the porphyric patient than do the results obtained with mice. 
The reaons for this are not clear, but a possible explanation emerges 
after consideration of studies in chapter IV of this thesis. Kappas 

et al. (1968) using 5-8-H steroids have also observed marked species 
variation in porphyria-inducing activity. These workers were able to 
enhance §-ALA synthetase formation in chick embryo liver but not in 


guinea pig or rat liver by administration of these substances. It was 
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suggested that the lack of responsiveness of guinea pig and rat liver to 
these steroids probably denotes the existence of additional control mech- 
anisms for protoheme biosynthesis in mammalian liver as compared to chick 
embryo liver. 

In summarizing our results, it is apparent that comparable 
results were obtained in the chick embryo and in monolayer cultures of 
chick embryo liver cells with 18 out of 23 drugs tested. These findings 
are in accord with those of Kappas et al. (1968) where they showed that 
the monolayer cultures of chick embryo liver cells and the intact chick 
embryo liver responded in the same manner to steroid metabolites. It 
appears that several compounds which exhibit porphyria-inducing activity 
in monolayer cultures of chick embryo liver cells, are inactive in the 
intact chick embryo. The reasons for this will be discussed in chapter 
IV. In the procedure designed by Granick (1966) utilizing monolayer 
cultures of chick embryo liver cells, drug permeability problems are 
reduced and the effect of the drug on the liver is examined independently 
of other body tissues. For these reasons, this technique is invaluable 
for studying the mechanism of action of porphyria-inducing drugs. 

Previous studies in whole animals suffer from the following 
disadvantages: (1) Treatment must generally be carried out for relatively 
long periods of time. (2) It is inconvenient to carry out a large 
number of tests simultaneously due to the demands for equipment and 
laboratory space. By contrast, the intact chick embryo tests appear to 
reflect the activity of the drug in the chick embryo liver cell culture 
system and in the porphyric patient. This test can be carried out very 
quickly with a minimum of effort and equipment necessary. However, it 


must be born in mind that this procedure will not always reveal porphyria-~ 


3a : 





od tavil 381 bas gid. senhuy is 2eansv tenogass, to aost oda 4 9349 
~doam Ioxjno> isnotitbbs to sonsdetag. oda segdeal idatosqsbloeethaeiie es an 
Astro of Resageos as’ wavid sk laomna, ot exeodianyaodd ei 
sidsasqmoo jadt sostsqqs ef Jt ad fyees webshot +> wie 
io wet0tIuo teysionom oi bos. ovrdwea dotdo add nl bentaddo sxsw eilvest 
agnibott seoil .bajeer egutb ES to jue 8J daiw elles sevil oyzdms, Aokds. 
jedi bewore yorld sierlw (8801) .Is 29 eeqqeed Io seas ditw brooas, at, eae 
dotn> dostat edi bas effo>o tevii oytdme Adtdo 26 eeaudtuo seystonom fz 
41 .essidodasam rs o3 Ytentam emee odd al bebnoqeez rovt!l oyzdms i 
y3ivisss gnotoubni-stiryriqroqg tididxs dondw ebouogmes Ietevesn Jedd a21n98qqs 
oft ot svidosol 936 ,ellg9o tevil ayad@s oloddo lo sesudiuo says lonom, at 
wedged okt bseevoehb od Iliw sid sO? ecoeser eT »oyidms aAotdo 150¢ek 
reynidsom goiziliay (@0@f) sotaszd ud bengiseb syubscarg orld ot ..VI 
ais ameldosg ysiilidseiisq gutbh ,elfes teyil oyzdms asotdo Yo serul Tuyo | 
(iinebnaqebni benimsxs «1 tevttl ad? oo gutb sf¥ to. 2ostie sit bas beoybes 
afdsulsval 2: asupindios4 eely 6902690% Seo 1OT .asgeeld ybod zenj0; 30 
‘aguth gctoubni-staytqieg te nottos 20 metmadoem etd gabybuse sod 
édplies si!) mort tettwe alembas. slosiw nt saibuse avolvel] . _. “) 
yleviteie2 102 4u0 bsltwma od “ilstensg Jeum joomise1T (1) :eegedopvbsebb 
sgis! « 2u0 y11ho 07 Instnevaepnt. eb 41 (S) oma io sbotreq anol 
bas, andeqtupe 107. 2bnameb ada’ a oub yLevoons stunts, e3e84 30 zedmua 
or tatas en wieesenaped sonia none eceag oe 


ne 
an eee 
; URIS 20. | 






7 











67 


inducing activity in all compounds exhibiting such activity in the isolated 
liver cell culture system. 

While DDC (1) has been shown to induce porphyria in adult rats, 
rabbits and guinea pigs, it has recently been claimed that the drug has no 
effect on porphyrin metabolism in the newborn of these animals (Woods & 
Dixon, 1969). These workers suggested that the regulation of protoheme 
synthesis in perinatal animals may be less functional than in adults, so 
that the control mechanism in perinatal animals is not as readily disturbed 
as in adult animals. Since increased activity of §-ALA synthetase is 
readily induced by drugs in intact chick embryos, it appears that there 
is a major species difference in control mechanisms which merits further 
investigation. It is conceivable that in the porphyric patient, the 
normal mammalian control mechanism for protoheme biosynthesis is lost 
and that the patient becomes as responsive to porphyria-inducing drugs as 


the avian species. 
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CHAPTER IV INVESTIGATION OF THE DIFFERENCES IN RESPONSE 


OF ISOLATED LIVER CELLS AND THE LIVER OF THE 


INTACT CHICK EMBRYO TO PORPHYRIA-INDUCING DRUGS 
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69 
Introduction 


The dihydropyridine, DDC (1), exhibits porphyria-inducing 
activity in monolayer cultures of chick embryo liver cells and in the 
intact chick embryo, while the corresponding pyridine, 3,5-diethoxy- 
carbonyl-2,4,6-trimethylpyridine (VII) is active in monolayer culture 
of chick embryo liver cells but practically devoid of activity in the 
intact chick embryo. The latter compound was inactive when administered 
orally to guinea pigs, and this has been attributed to dynamic phenomena 
which control drug concentration in the liver (Marks et al., 1965). In 
view of their structural similarity, it was difficult to reconcile the 
fact that both DDC (I) and the pyridine (VII) were active in monolayer 
cultures of chick embryo liver cells but only DDC (1) was active in vivo. 
There were two possible reasons for this result: (1) after adminis- 
tration to animals, the pyridine (VII) did not reach the liver in 
sufficient quantities to induce porphyrin production; (2) the pyridine 
(VIL) was rapidly metabolized and fiserayated in the Liver when adminis- 
tered to animals. To examine these possibilities, LCE labelled Shs 
diethoxycarbonyl-2,4,6-trimethylpyridine (VII) and DDC (I) were 
prepared, injected into 17-day old chick embryos and the total amount 
of drugs and metabolite(s) in the livers was measured at various time 


periods. 


Experimental 


1 Source of Compounds 


Ethyl ey aL ae age © (4.17 mCi/mmole) was purchased from 


New England Nuclear Corp., Boston, Massachusetts. Unlabelled ethyl 
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acetoacetate was purified by distillation at reduced pressure and the 
fraction with b.p. 78.5 - 79.5°/18 mm was collected. 2,5-Diphenyloxa- 
zole (PPO) and 1,4-bis[2-(5-phenyloxazolyl)]benzene (POPOP) were 
purchased from Nuclear Chicago Corp., Des Plaines, Illinois. Phenethyl- 
amine was purchased from Eastman Organic Chemicals, Rochester, New York, 
and distilled at reduced pressure before use. Silica gel G was purchased 
from Brinkmann Instruments Inc., Westbury, New York. Cab-O-Sil, a 
product of Godfrey L. Cabot, Inc., Boston, Massachusetts, was obtained 


from Van Waters and Rogers Ltd., Edmonton. 


ii. Instrumentation 

Gas-liquid chromatography was carried out with Maui crork 
Model 2000 MF Gas Chromatograph fitted with a 5-foot stainless steel 
column packed with Celite. The hydrogen flame ionization detector 
and helium carrier gas were used for all separations. A Bausch and 
Lomb Spectronic 505 was used for recording ultraviolet spectra. All 
radioactive samples were counted in a Nuclear Chicago Model 6850 
Liquid Scintillation System. Counts were corrected for quenching by 
the channels ratio method and the background count subtracted. The 
thin-layer chromatograms containing radioactive samples were scanned 
using a Nuclear Chicago Actigraph III radiochromatography system. All 
radiochromatograms were scanned at a detector voltage of 960 volts and 


gas pressure of 7 lbs. Melting points are uncorrected. 


iii. Preparation of Acetaldehyde (Fieser, 1957 
Paraldehyde (20 ml) was placed in a 100 ml round bottom 
flask fitted with a fractionating column. Concentrated sulphuric acid 


(0.5 ml) and 0.5 ml of water were added and the flask heated gently 
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with a small flame. The acetaldehyde which formed was distilled at a 


temperature not higher than 35° and collected in an ice-cold receiver. 


iv. General Method Used for Determining the Specific Activity of 
Compounds 

Toluene scintillation solution was prepared by dissolving 6 g 
of 2,5-diphenyloxazole (PPO) and 100 mg of 1,4-bis[2-(5-phenyloxazoly1)] 
benzene (POPOP) in 1 liter of toluene (Wang & Willis, 1965). Three 
individual dried samples of the labelled compounds were weighed on a 
Cahn electrobalance and dissolved in 10 ml of toluene. Triplicate 1 ml 
aliquots of each solution were then added to 14 ml of the toluene 


scintillation solution, counted, and the specific activity determined. 


Vv. Synthésis and Radiochemical Purity of 3,5-Diethoxycarbonyl-1 .4- 
Dihydro-2,4,6-Trimethyl adios ppc-!4c 
Two procedures (a and b) described below were explored for 


the synthesis of poc-!4¢, 


(a) Synthetic Procedure of DeMatteis and Prior (1962) for the Prepara- 


tion of the Unlabelled Compound 


The procedure involves the condensation of two moles of ethyl 
acetoacetate with one mole of ammonia and one mole of acetaldehyde as 


illustrated below. 
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Ethyl deatodest dves3 °C (4.17 mCi/mmole) was diluted in a vial with 
redistilled ethyl acetoacetate (0.26 g; 0.002 moles) to give a product 
of 0.048 mCi/mmole. The contents of the vial were transferred with the 
aid of a syringe to a 10 ml centrifuge tube. The vial was washed 

twice with 1 ml portions of ether and these washings transferred to the 
centrifuge tube. The ether was removed by warming the centrifuge tube 
in a water bath and passing a current of air over the surface of the 
solution. Acetaldehyde (0.050 g; 0.001 moles) and 5 ml of 10% ammonium 
carbonate were added to the ethyl acetoacetate and the mixture 
thoroughly agitated. The reaction mixture was kept for 72 hours at 

4° with occasional mixing. The DDC (I) which crystallized was col- 
lected by filtration and resuspended in 2 ml of 3N HCl. After a period 
of 5 hours, the crystals were collected and dried at 100° and 18 mm Hg. 
The product (yield, 41%) was purified by successive crystallizations 
from ethanol-water until the specific activity of the compound remained 
constant. This was achieved after three crystallizations. The pro- 
duct, m.p. 128.5 = 129, was found to have a specific activity of 0.088 
mci/mmole, , max. (ethanol) 232 and 351 mu (ce, 18,100 and 8,100). 

Marks et al. (1965) reported m.p. 128.5-129, } max. (ethanol) 232 and 
351 mu (e, 18,200 and 8,050). No evidence for the presence of an 
impurity was obtained by gas-liquid chromatography (column temperature 


160°). 


(b) Procedure of Loev and Snader (1965 

Redistilled ethyl acetoacetate (2.1 g; 0.016 moles) was 
added to a vial containing 0.1 mCi of ethyl MSS eatee3e Cc to give 
a product of 0.006 mCi/mmole. The contents of the vial were trans- 


ferred to a 25 ml flask with 4 ml of ethanol. Acetaldehyde (0.44 g; 
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0.01 moles) and 2 ml of concentrated ammonium hydroxide (0.015 moles) 
solution were added and the mixture refluxed for 3 hours. After cooling, 
the solution was poured into 20 ml of ice cold water whereupon the 
product crystallized (yield, 65%). The crystals were collected and 
purified by successive crystallizations from a mixture of ethanol and 
water. The dihydropyridine (1), mp. 128 - 129°, has a specific activity 


of 0.010 mCi/mmole. 


vi. Synthesis and Radiochemical Purity of 3,5-Diethoxycarbonyl-2,4,6- 
Trimethylpyrid ee te 


This compound was prepared by the oxidation of 3,5-diethoxy- 
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to the following reaction: 


HONO 





The procedure described below is essentially that of Loev 
and Snader (1965). One gram of ppc -!4c (0.004 moles; 0.010 mCi/mmole) 
was dissolved in 10 ml of glacial acetic acid in a 50 ml round bottom 
flask. and sodium nitrite (1.0 g) added in small portions over a 
period of an hour with constant stirring. After stirring for an 
additional 90 minutes, the mixture was poured into 100 ml of ice-cold 


water and the product which separated as an oil extracted with three 


50 ml portions of ether. The pyridine (VII) was extracted from the 
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ethereal solution with three successive portions (20 ml) of 10% HCl. 
Following neutralization of the acidic solution with sodium carbonate, 
the aqueous phase was extracted with three 50 ml portions of ether. 

The ethereal solution was dried (sodium sulfate) and the ether removed. 
Distillation (bulb-tube) afforded 3,5-diethoxycarbonyl-2,4,6-trimethyl - 
eyatauaaac (VEIT) “asta colorless oil, beep. 105°— 115 °/0807 mm; max: 
(ethanol) 269.5 mu (¢€,3,040). The yield was 70%. Marks et al. (1965) 
reported } max. (ethanol) 269 mi (¢€,3,250). The specific activity of 
this compound was found to be 0.010 mCi/mmole. No evidence for the 
presence of an impurity was obtained by gas-liquid chromatography 


(column temperature 160°). 


Wilds Amount of ISG in the Livers at Different Time Intervals After 

Injection of DaGe inp tee drugs into the Fluids Surrounding the 

Chick Embryo 

An accurately weighed amount of Labelled drug was mixed with 

unlabelled drug and the mixture dissolved in a quantity of dimethyl- 
sulfoxide calculated to give a dilution of drug such that the amount 
of drug to be injected was contained in 0.1 ml of solution. In order 
to have accurate information on the amount of drug injected, an ali- 
quot of this solution (0.1 ml) was mixed with toluene scintillation 
solution (14.9 ml) and the mixture counted. The drug dissolved in 
0.1 ml of dimethylsulfoxide was then injected into 17-day old chick 
anbryoe as described in Chapter III, section iii. At the end of 
various incubation periods, the livers of the chick embryos were 
removed, washed with saline, weighed and placed on a piece of cello- 
phane (2 inches by 3 inches) where they were dried under an infrared 


heat lamp for six hours. The remainder of the chick embryos and 
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their surrounding fluids were frozen for subsequent extraction of 
labelled compounds (Chapter IV, section ix). The oxygen flask combus- 
tion technique of Davidson and Oliverio (1967) was employed to pre- 
pare the dried liver samples for liquid scintillation counting. The 
combustion apparatus (Fig.11) consisted of a 2 liter heavy walled 
Erlenmeyer filter flask fitted with a Neoprene No.9 stopper containing 
one hole. A sample holder constructed from 16 mesh nichrome wire was 
attached to the end of a glass rod mounted in the stopper so that the 
sample holder remained 2 to 3 inches above the bottom of the flask. 
The side arm of the flask was fitted with Tygon tubing which was closed 
with a pair of rubber tipped forceps. 

The dried liver sample wrapped in cellophane and a small 
blackened: piece of filter paper were placed in the nichrome basket. 
The flask was thoroughly flushed with oxygen and the Neoprene stopper 
fitted with the sample holder secured in position. The flask was 
placed in a Thomas-Ogg igniter, in a fume hood fitted with a shatter 
proof door, and the infrared lamp focused on the darkened filter paper 
to ignite the sample. The sample usually ignited within 5 seconds and 
combustion was complete within 1 minute. The flasks were removed from 
the igniter and cooled in an ice-water bath for 5 minutes. Scintilla- 
tion solvent consisting of phenethylamine (270 ml), methanol (270 ml), 
PPO (5 g), POPOP (100 mg) and toluene (460 ml) was prepared (Davidson 
& Oliverio, 1967). A pipette containing the scintillation solvent 
(15 ml) was inserted into the Tygon side arm, the forceps released 
thus allowing the liquid to run slowly down the side of the flask. 

The flask was then swirled gently to distribute the solvent over the 


entire bottom of the flask and set aside for 20 minutes to allow for 
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Photograph Illustrating the Wrapped Sample Being Inserted 
Into the Nichrome Sample Holder of the Flask Head, (A), and 


Oxygen Combustion Flask in the Thomas-Ogg Igniter, (B). 
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the absorption of the liberated carbon dioxide. An additional 3 ml of 
scintillation solvent was added and the flask swirled. After removing 
the stopper, a 15 ml aliquot of the scintillation solvent was trans- 

ferred to a vial for counting. Correction for quenching in the samples 


was carried out by the channels ratio method outlined below. 


viii. Determination of Balance Point and Counting Efficiency of Liquid 
Scintillation Counter 

(a) General Considerations 

The Unilux Model 6850 Liquid Scintillation system consists 
of a pulse height analyzer with two separate variable attenuators 
which allows analysis of two distinct portions of the eet spectrum 
of a given isotope. These measured portions of the spectrum are 
referred to as channels. By means of channels ratio counting, an 
estimate of the amount of quenching in a sample can be obtained and 
a suitable correction made. In the channels ratio method of quench 
correction, the two attenuator channels are positioned relative to an 
isotope's energy spectrum so that the ratio of net count rates in the 
two channels can be used as a measure of the degree of spectral 
shifting or quenching which is occuring and hence affecting the 
counting efficiency. A series of samples of known activity and varying 
degrees of quenching is counted in two channels and from the results 
obtained, a curve is constructed relating the counting efficiency to 
the aric of the counts in the two channels (channels ratio) for each 
quenched sample. The channels ratio of each sample whose radioactivity 
is to be measured is then determined and the counting efficiency 


obtained by reference to the curve. 
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(b) Procedure 

The balance point was determined in the upper channel, by 
adjusting the amplifier gain until the unquenched folcene sac standard 
was counted at a maximal rate. A region of gain values exist where 
the pulses observed do not change appreciably with a small change in 
gain. This region is the "balance point". 

The amplifier gain on the lower channel was then adjusted so 
that the number of pulses counted was one-third the value obtained in 
the upper channel. A series of eoldene wc standards of known activity 
but varying degrees of quenching was then counted. The channels ratios 
of these standards were obtained by dividing the observed counts in the 
lower channel by the observed counts in the upper channel. The 
efficiency of the standards was calculated from the observed count in 
the upper channel and the known amount of activity contained in each 
standard. The channels ratio curve was plotted against the efficiency 
Csioe 2s 

All samples, unless otherwise indicated, were counted for a 
period of time, sufficient in duration so that the percentage standard 


error for the corrected count did not exceed is 2ias 


ix. Extraction of Labelled Compounds From 1/7-Day Old Chick Embryos 





sDieth= 


O vearbonv1=2.4,6-Trimethylpyeidine-~“C 


After removal of the liver for determination of radioactivity 
(Chapter IV, section vii), the chick embryo and surrounding fluids were 
homogenized in 150 ml of chloroform-methanol (2:1) in a Sorvall Omni- 
mixer. The resulting homogenate was filtered by gravity, the filtrate 


set aside and the residue homogenized with another 150 ml portion of 
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Fig. 12.  Carbon-14 Quench Correction Curve. 
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chloroform-methanol (2:1). After filtration, the extraction procedure 

was repeated for a third time. The combined filtrates were placed in 

a rotary evaporator and the solvent removed. The extracts of all chick 
embryos and fluids remaining from studies with poc-!4¢ were combined to 
facilitate further work. In a similar manner, the extracts obtained 


from studies with the pyridine (VII) were combined. 


ae Investigation of Labelled Compounds in Chick Embryo Extracts by 


Isotope Dilution Analysis 


Ca) Studies with ppc -!4¢ 1 


The extracts were dissolved in petroleum ether-methanol Cls2) 
and three 1 ml aliquots added to three vials containing 14 ml of toluene 
scintillation solution. From the count obtained with these aliquots, 
it was possible to calculate how large a volume of the petroleum ether- 
methanol solution contained 1 mg of DDC (1) or metabolite(s). This 
calculated volume of solution was placed in a separatory funnel, 99 mg 
unlabelled DDC added and the solution thoroughly agitated to ensure 
complete mixing. DDC was extracted from the petroleum ether-methanol 
solution with three successive 30 ml portions of methanol-water (2:1). 
The methanol-water was removed on a rotary evaporator, the residue 
dissolved in hot methanol and the solution filtered. Water was then 
added to the filtrate and the DDC crystals which separated were col- 
lected by filtration and recrystallized to constant specific activity 
(0.051 uCi/mmole). Assuming all the radioactivity in the original 
extract from the chick embryo and fluids was represented by poc-! 4c , 
it could be calculated that the specific activity of the recrystallized 


product would have been 0.088 HCi/mmole. 
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The extract was dissolved in 30 ml of petroleum ether-methanol 
(1:2) and three 1 ml aliquots added to 3 vials containing 14 ml of 
toluene scintillation solution. From the count obtained with these 
aliquots, it was possible to calculate how large a volume of the pet- 
roleum ether-methanol solution contained 3 mg of the drug or metabolite. 
This volume was placed in a separatory funnel and 297 mg of unlabelled 
drug added and thoroughly mixed to ensure uniform distribution of the 
labelled and unlabelled substances. The pyridine (VII) was then ex- 
tracted from the petroleum ether-methanol solution with three 25 ml 
portions of 1N HCl. The acid extracts were neutralized with sodium 
carbonate and the pyridine (VII) extracted from the aqueous solution 
with three 50 ml portions of ether. The ether solution was extracted 
with three 25 ml portions of 1N HCl and the acid solution neutralized 
with sodium carbonate. The aqueous solution was extracted with three 
25 ml portions of ether, The ether solution was dried (sodium sulfate), 
the ether removed and the residue aieriiies (bulb-tube) affording 
3,5-diethoxycarbonyl-2,4,6-trimethylpyridine (VII) as a colorless oil, 
b.p. 95 - 105 °/0.07 mm, } max. (ethanol) 269 mu (¢,3,470), specific 
activity 0.054 uCi/mmole. Marks et al. (1965) reported ) max. 
(ethanol) 269 mi (e, 3,250). Assuming all the radioactivity in the 
original extract from the chick embryo and fluids was represented by 
eM ofecneryestbonyi-2, uno strimetnyinyr id ine 5c (VIL) it could be 
calculated that the specific activity of the recrystallized product 


would have been 0.104 uCi/mmole. 


xi. Preparation of Thin-Layer Plates 
Silica gel G (25 g) was placed in a wide mouth bottle and 
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50 ml of distilled water added. The mixture was thoroughly agitated 
to form a smooth slurry and then poured into a Desaga spreader for 
spreading over 2 inch glass plates to give a layer 250u thick. The 
plates were allowed to dry at room temperature and were activated by 


heating, at 110° for.30.min just prior to:use; (Stahl ,-1965a). 


xii. Amount of Unchanged ppc -! 4c in the Liver at Different Time Periods 


After Injection of ppc -!4c into the Fluids Surrounding the Embryo 


poc-!4c (4 mg) was administered by the procedure outlined in 
Chapter IV, section vii of this thesis. The Livers were removed, washed 
several times with saline and then stored frozen until the extraction 
of the drug and its metabolites could be carried out. 

The liver was weighed, homogenized in 3 ml of methanol in a 
Potter-Elvehjem apparatus and the homogenate transferred to a centri- 
fuge tube. After centrifugation, the supernatant was decanted into a 
small flask and the residue resuspended in an additional 3 ml of 
methanol for homogenization and centrifugation. The extraction pro- 
cedure was repeated and the three supernatants combined. The tissue 
residue was allowed to dry in air, combusted and counted. No signifi- 
cant radioactivity was found to be present in this residue. The 
methanol was removed from the liver extracts with a rotary evaporator 
and the residue dissolved in 0.5 ml of methanol. A 0.1 ml aliquot of 
this solution was added to a vial containing 14 ml of toluene scintil- 
lation solution for counting and a 0.3 ml aliquot was spotted as a 
band on a 2 inch thin-layer plate, coated with 250u of silica gel G. 
The plate was developed with benzene-methanol (14:1). This solvent 
system was modified from Stahl (1965b). The Rf value for DDC was found 


to be 0.45 in this system. The thin-layer plates were scanned for 
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radioactivity with a Nuclear Chicago Actigraph III radiochromatogram 
scanner and the radioactive portions removed and counted by the 
following procedure. The radioactive silica gel portions were placed 
in liquid scintillation vials containing 0.45 g of Cab-O-Sil and 15 ml 
of toluene scintillation solution (Noujaim, 1969). The vial was agi- 
tated to suspend the silica gel and correction for quenching was 
carried out by reference to a curve constructed as described below 
(section xiii). 

To measure the effectiveness of our procedure, a known amount 
of ppc -'4¢ was added to livers from untreated embryos. The drug was 
extracted as described above and the extract spotted on thin-layer 
plates and chromatographed with benzene-methanol (14:1). The radio- 


active areas were removed and counted. 


xiii. Preparation of Quenched Standards and Channels Ratio Efficiency 
Curve for Samples Containing Cab-O-Sil 
In order to prepare a series of standards with varying 


degrees of quenching, six vials were prepared containing the following 





COnNStiLtucRts: 
Methanolic 
Vii a lino: Cab-O-Sil Silica Gel Liver Extract 

(g) (mg) (ml ) 
1 0.45 0 0 
Z 0.45 25 0 
3 0.45 50 Oc 1 
4 0.45 100 0.2 
5) 0.45 150 One 


6 0.45 200 0.4 
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An accurately weighed sample of ppc -! 4c was dissolved in 100 ml of 
toluene scintillation solution and 15 ml of this solution was added 
to each of the 6 vials. The contents of the vials were thoroughly 
agitated, counted and their channels ratios and counting efficiencies 


calculated. The channels ratio efficiency curve is plotted in Fig.13. 


xiv. Amount of Unchanged 3,5-Diethoxycarbonyl-2,4,6-Trimethyl - 
onan ae in the Liver at Different Time Periods After 


Injection of Labelled Drug into Fluids Surrounding the Embryo 


The procedure for the extraction of this drug and its meta- 
bolites after injection of 4 mg into the fluids surrounding the chick 
embryo was identical to that followed for poc-! 4c, The Rf value for 


this compound (VII) in benzene-methanol (14:1) was 0.72. The liver 


residue after extraction was found to contain no radioactivity. 


Results and Discussion 


Whenever tracer techniques are utilized to study the action 
of a drug, it is necessary that the labelled drug be radiochemically 
pure, as a small quantity of impurity of relatively high specific 
activity could produce misleading results. The first objective of 


this study was to synthesize ppc -'4¢ (1) and 3,5-diethoxycarbonyl-2,4, 


pereimethy pyridines sc (VIL) in radiochemically pure form. poc-!4c 
was synthesized by two procedures both of which gave radiochemically 
pure products. The synthetic procedure of Loev and Snader (1965) was 
found to be preferable to that of DeMatteis and Prior (1962) since a 


yield of 65% was obtained with the former procedure as compared to a 


yield of 41% with the latter. There was no difficulty in obtaining a 
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Fig. 13. Carbon-14 Quench Correction Curve in Cab-O-Sil. 
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radiochemically pure sample of ppc -!4¢ (I) since the compound was a 


solid and could be crystallized to constant specific activity. In the 
case of the pyridine (VII), synthesized by oxidation of ppc -!4¢ with 
nitrous acid, it was more difficult to establish radiochemical purity 
because it was an oil and too small a quantity was available for 
repeated distillation. To overcome this problem, the radiopurity of 
the pyridine (VII; 0.010 mCi/mmole) was assessed by comparing its 
specific activity to that of ppoc-h4c , 0.010 mCi/mmole. 

The second objective of our study was to establish a procedure 
for converting the radioisotope in liver into a form suitable for count- 
ing. The oxygen flask combustion method (Davidson & Ottetent of 1967) is 
useful for preparing samples containing colored materials for counting. 
In our Laboratory we have found the technique to possess several advan- 
tages over the conventional procedures in which organs are solubilized 
with hyamine or similar materials. With the conventional technique, 
difficulty is often experienced in solubilizing organs and moreover, 
highly colored solutions are obtained. The counting efficiency of our 
procedure was found to be in the region of 35% and investigation showed 
phenethylamine to be the major quenching agent. Purification of phen- 
ethylamine by fractional distillation did not appreciably improve 
counting efficiency. The recovery of known amounts of poc-!c added 
to livers from control chick embryos was 99.9 2.05973 (& SE mean, n = 10). 

The third and primary objective of this study was to measure 
the total amount of radioactivity and unchanged drugs in the livers of 
17-day old chick embryos at various time intervals after injection of 
poc-!4¢ and 4, 5-diethoxycarbonyl-2,4,6-trimethylpyridine-*c GUA 


The total amount of radioactivity in the livers of chick embryos at 
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different times after injection of ppc -!4¢ and the pyridine (VII) is 


shown in Tables X and XI. From the data in these tables, the curves 
shown in Fig. 14 were constructed. The amount of radioactivity after 
injection of 3 5-diethoxycarbonyl-2,4,6-trimethylpyridine--“C VL) 
reached a maximum in the liver after approximately 0.5 hours and then 
dropped rapidly. The amount of radioactivity after injection of DDC- 
Bole reached a maximum in the liver after approximately 6 hours and 
remained elevated for a considerable period of time. Since DDC and the 
pyridine (VII) are approximately equipotent in monolayer cultures of 
chick embryo liver cells and the radioactivity from the pyridine (VII) 
attained a level in the liver approximately five-fold nTener than that 
reached by the radioactivity from poc-!“c, It, is cléer, that the in= 
activity of the pyridine (VII) in the intact chick embryo cannot be 
ascribed to an inability to reach the liver in sufficient quantity to 
induce porphyrin formation. 

It was therefore necessary to examine the possibility that 
the inactivity of 3,5-diethoxycarbonyl-2,4,6-trimethylpyridine (VII) 
in chick embryo liver was due to its conversion to a metabolite. For 
this purpose, the technique of reverse isotope dilution analysis was 
used initially, followed later by radiochromatography. Folch et al. 
(1957), utilized chloroform-methanol (2:1) for the extraction of 
lipids, and since DDC and the pyridine (VII) are both lipid soluble, 
this solvent system was employed for the extraction of the radioactive 
drug and metabolites from the embryos and surrounding fluids for 


reverse isotope dilution analysis. The recovery of drug and metabolite(s) 
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TABLE X. AMOUNT OF RADIOACTIVE DRUG IN LIVERS OF 17-DAY OLD 


CHICK EMBRYOS FOLLOWING INJECTION OF 4 MC 
(15,000 muMOLES) ppc-!4¢ 


EE SS + 


Time After Injection Amount of Radioactive Drug. 
(hours) mumoles/100 mg liver 


0.25 2,3 Bia @) 
0.5 Maw * 2f66 © 
3 20.4 % Wot ©) 
6 36.2; % 126 0) 
12 24 y 24D B (ON 
18 32.5 2468 (9) 
24 24.5 & 2931 @) 
48 17.0" © 156) ©) 





The number of experiments is given in parentheses. 


* 
The: resulits: im thi's: table are caliculiated! on; the: basis: that: all 


the drug in the liver is DDC. Later results showed that some 


of the radioactivity is contributed by a metabolite of DDC. 


Mean + SE of mean. 
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TABLE XI. AMOUNT OF RADIOACTIVE DRUG IN LIVERS OF 17-DAY OLD 


CHICK EMBRYOS FOLLOWING INJECTION OF 4 MG (15,000 muMOLES ) 


3 , 5 -DIETHOXYCARBONYL -2 ,4, 6-TRIMETHYL PYRIDINE -! “tc 








Time After Injection Amount of Radioactive Denes 
(hours) mumoles/100 mg liver! 
Ones 11827 eee S- 0) 89) 
0.5 Ws SOG VED) 
1.5 Vey 3) ee TL CB) 
3 BBs ee ahs GP) 
6 SAN up OTe Ghd) 
12 2276, Homes 859) 
24 Tiere! le ee) 
48 Ce aie th Or) 





The number of experiments is given in parentheses. 


* 
The results in this table are calculated on the basis that 


all the drug in the liver is 3,5-diethoxycarbonyl-2,4,6- 
trimethylpyridine (VII). Later results showed that some of 
the radioactivity is contributed by a metabolite of the 


pyridine (VII). 


i Mean £ SE of mean. 
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Fig. 14. Amount of Radioactive Drug in Livers ‘or 7-Day OlduChack 
Embryos at Different Time Intervals After Injection of 
poc-!4c Ge — = ©) band 3, Pie hoxy cannon yl 2. 4G - 
trimethylpyridine (O—-— —O). Each Point Represents 


Mean + SE of Mean. 
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was 80% for DDC and 50% for the pyridine (VII). For reverse isotope 
dilution analysis, a mixture of drug and metabolite (approx. 1 mg) 
containing a known amount of radioactivity was diluted with a known 
amount (99 mg) of unlabelled drug and the specific activity of the 
mixture calculated, assuming all the radioactivity was contributed 
by unchanged drug. The drug was purified to constant specific acti- 
vity. From the difference between the calculated and the observed 
specific activity, the percent of unchanged drug in the original radio- 
active sample was calculated (Table XII). From the data it was 
evident that both compounds were metabolized in the chick embryo. 
However, it was necessary to extend these studies to determine how 
much of the radioactive material in the liver at various time inter- 
vals was in the form of unchanged drug. 

For this reason, the total radioactive material in the livers 
of 17-day chick embryos was extracted at various time intervals and 
separated by means of thin-layer chromatography using benzene-methanol 
(14:1) as the developing solvent. In the case of poc-! 4c, two radio- 
active areas were detected, one at the origin and the other with an Rf 
corresponding to that of DDC (Fig. 15). In order to rule out the 
possibility that the radioactive area at the origin was unchanged drug, 
prevented from migrating on the chromatogram by binding to some tissue 
constituent at the origin, the following experiment was performed. 

The radioactive area at the origin was scraped off the plate, treated 
with methanol and the methanol solution spotted on a fresh plate which 
was developed with methanol. The radioactive area which had an Rf of 
0.4 on this plate and had moved away from the tissue constituents at 


the origin was eluted and rechromatographed with benzene-methanol Clae1)s 
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TABLE XII, REVERSE ISOTOPE DILUTION ANALYSIS OF RADIOACTIVE 
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EXTRACTS FROM EMBRYOS INJECTED WITH DDC- C AND 3,5- 


DIETHOXYCARBONYL~2,4,6-TRIMETHYL PYRIDINE-!“c 





Unchanged Drug 
Compound % of Total Radioactive 


* 
Drug Extracted 





H CH, 
H.C,00C C00CH, Re 
i same ui 
Ho N H, 
H 
(1) 
CH, 
H,C,000 7 C00C 5H. ie 
58 
HAC“ Sy oe 
(VII) 





* 
Duplicate analyses were performed. 
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In this solvent system, the radioactive material was confined to the 
origin, thus demonstrating that it was a derivative of DDC rather than 
DDC itself. In the case of 3,5-diethoxycarbonyl-2,4,6-trimethylpyri- 
iepoore (VII), only one radioactive area could be detected which had 
an Rf different to that of the pyridine (VII) (Fig. 16). The areas of 
silica gel containing drugs and metabolites were counted as a suspen- 
sion in Cab-O-Sil. The addition of Cab-O-Sil has the advantage that a 
labelled compound adhering to the silica gel is counted in addition to 
labelled material dissolved in the toluene scintillation solution. 
After addition of labelled compounds to control livers, extraction and 
thin-layer chromatography, the recovery of poc-!4¢ was 90.4 ase 67, 
(ft SE of mean, n = 5) and of the pyridine (VII) was 89.4 eT, (t SE 
of Ree =7 5). 

The results of the experiments are shown in Tables XIII 
and XIV, and plotted in Fig. 17. Six hours after the administration 
of DDC (4 mg; 15,000 mumoles) and 3,5-diethoxycarbonyl-2,4,6-trimethyl- 
pyridine (4 mg; 15,000 mumoles) there was 9.9 + 1.69 mumoles of DDC in 
100 mg of liver as compared to 0.47 mumoles of the pyridine (VII). At 
24 hours there was 2.1 t 0.5 mumoles of DDC in 100 mg of liver as 
compared to 0.05 mumoles of the pyridine (VII). These results clearly 
demonstrate that 3,5-diethoxycarbonyl-2,4,6-trimethylpyridine (VII) 
undergoes more rapid metabolic degradation in liver than does DDC. 
Thus it is clear that the inactivity of the pyridine (VII) in the 
chick embryo is due to its rapid metabolic degradation. It is likely 
that the chick embryo liver cells when grown in monolayer culture are 
unable to metabolize and thus inactivate 3,5-diethoxycarbonyl-2,4,6- 


trimethylpyridine (VII) at a sufficient rate to prevent it exerting 
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TABLE XIII. AMOUNT OF UNCHANGED DRUG IN LIVERS OF 17-DAY OLD 


CHICK EMBRYOS FOLLOWING INJECTION OF 4 MG 








(15,000 muMoLEs) ppc-'"c 
Time After Injection Amount_of Unchanged Drug in Liver 

(hours) % of Total Activity” mumoles/100 mg” 

3 Ble le eet) 12a 19 (2) 

6 370 ees OCG) O79 ara ee) 

a? Mey EA ey) pil So ey 

24 Lentpebecierbn(5) Qenidedtn Genie) 

36 Ly oe he CD Pech aaa ip iay YSN 





The number of experiments is given in parentheses. 


Mean t SE of mean. 
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TABLE XIV. AMOUNT OF UNCHANGED DRUG IN LIVERS OF 17-DAY OLD 


CHICK EMBRYOS FOLLOWING INJECTION OF 4 MG (15,000 muMOLES ) 


3 , 5-DIETHOXYCARBONYL-2, 4, 6-TRIMETHYL PYRIDINE -!“c 








Time After Injection Amount of Unchanged Drug in Liver 
(hours) % Of Total Activity” mumoles/100 mg” 
6 3 Oem a8 (7) DALE) 3s eikiy Ep) 
24 1 (5) 0.05" (5) 





The number of experiments is given in parentheses. 
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Mean <= SE of mean. 
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Count rate not sufficient to be statistically valid. 
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Fig. 
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Amount of Unchanged Drug in Livers of 17-Day Old Chick 


Embryos at Different Time, Intervals Atter Injection of 
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PES pOrphyolaainducing activity. 

It is likely that the test of porphyria-inducing activity 
using monolayer cultures of chick embryo liver cells gives false posi- 
Eivesresults ior porphyria-inducing activity due to the fact that 
metabolism of drugs is not as effective as in vivo. A further question 
of interest raised by these studies is the following. It has recently 
been suggested that liver cell cultures might be used as a system for 
screening drugs for hepatotoxicity (Dujowne et al., 1969). Since it 
is possible that drugs are metabolized at a slow rate in cell culture, 
many false positive results may be obtained. It thus becomes of 
considerable interest to compare the rates of metabolism of drugs in 


the intact animal and in monolayer cultures of liver cells. 
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CHAPTER. V COMPARISON OF THE METABOLISM OF 3,5-DIETHOXYCARBONYL - 
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CARBONYL -~-1 ,4-DIHYDRO-2 ,6-DIMETHYLPYRIDINE IN THE CHICK 
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Introduction 


In a series of investigations, the porphyria-inducing activity 
of several analogues of DDC (I), the related pyridine (VII), and the 
benzene compound (XVII) were investigated in monolayer cultures of chick 
embryo liver cells. It was shown that the critical feature required for 
activity was an ethoxycarbonyl group with two ortho methyl substituents 


asucnowiwe int i10,7518 (Marks et al., 1965; Hirsch et al., 1967): 


Wo 


Hig lo. Critical Keature wor Porphyria=Inducing Activity in 


Dihydropyridine, Pyridine and Benzene Compounds 


The possible significance of this arrangement of substituents becomes 
apparent after consideration of the mechanism of acid, base and enzymic 
hydrolysis of esters. 

Alkaline hydrolysis of esters proceeds by the following 


reaction mechanism (Morrison & Boyd, 1966): 











yiividon sat subint-nineaven: of sniteauieieia ve ustise sot a) iy 
and bas... (LTV) snibizyq bode fat sid ,(T) Od to snosene Inxevee i ie 
Asis to 2exviivue teyslonom ni basng iene e1sw (IIvx) haghqnes cami 


ae 
192 bertups1 sivtse2 Teotst20 arly sada <a aay 30. a1ieo, aatae oredae 


ejnsutitedve Iydyem onito ows dodw quem fynodipoyxonte 28 nee ‘yan Ne 


.(Vaer ,.%s 39 doawth ;¢0@! , sal 38 aatteM) 81 gi nf owods, an 7 a 


7 


. Pw 
r : 
fee Se eee ee eee re iv 
Ho if i 
h egy » ene 
gored ; a 





‘ 

t 

) 

‘ 

i 
tk 

j 

i 

‘ . 

' ’ 

‘ 4 


———~_— wae Oe bee ae 


nt yttviz9A gatovbal-sirydqiol 201 smusest lestss42 81 a 
ebnuoqmo) snesasi baa amibiayd OE : an 


H ; az) ay 
i a 


rn il: + eastimae bar 


ca . rh , cod a ’ | i a te ys 





OH 


Intermediate R' OH 


102 


The first step in the hydrolysis is thought to be a nucleophilic attack 


of the hydroxyl ion on the carbonyl carbon, bearing a partial positive 


charge, with the formation of a tetrahedral intermediate. 


In an ester, 


the groups R and OR' lie in the same plane as the unsaturated function 


and the attack by hydroxyl ion comes from above or below this plane. 


This is followed by the loss of the alkoxide ion and the formation of 


the 


the 


The 


the 


carboxylate anion. 
carboxylate anion shows little tendency to react with an alcohol. 


slow step in the reaction is the addition of the hydroxyl ion to 


carboxyl carbon to form the tetrahedral intermediate. 


The reaction is essentially irreversible since 


Acid hydrolysis of an ester is considered to proceed according 


to the mechanism illustrated below (Morrison & Boyd, 1966). 
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The electrophilic hydrogen ion attacks the oxygen atom of the carbonyl 
function bearing a partial negative charge. This is followed by nucleo- 
philic attack of water from above or below the plane of the molecule on 
the carbonyl carbon with the formation of the tetrahedral intermediate I 
which is in equilibrium with intermediate II. The reaction is completed 
by the liberation of the alcohol moiety and the formation of the planar 
protonated acid which releases a proton. As in the case of alkaline 
hydrolysis, the slow step is the formation of the tetrahedral inter- 
mediate. 

While the esters of benzoic acid are readily hydrolyzed in 
acidic or basic media, the esters of di-ortho substituted Renzeie acids 
are not. This ability of the two ortho substituents (larger than 
hydrogen) to prevent hydrolysis of the ester group is referred to as 
steric hindrance. The reason for this phenomenon is the following 
(Kadesch, 1944; Newman, 1956). For hydrolysis of aliphatic or aromatic 
esters, the attacking reagent must approach the carbonyl carbon from a 
direction perpendicular to the plane of the carbonyl double bond. If 
this plane is essentially co-planar with the ring, there is little 
steric hindrance from the ortho substituents since the attacking 
reagent has a clear path of approach perpendicular to the plane of the 
ring (Fig. 19A). This is the case in aromatic esters such as ethyl 
benzoate where there are hydrogen substituents ortho to the ethoxy- 
carbonyl group. The ethoxycarbonyl group then lies in the same plane 
as the benzene ring due to conjugation of the carbonyl double bond 
with the aromatic ring. On the other hand, if the ortho substituents 
are large, the ethoxycarbonyl group cannot be accommodated in the same 


plane as the ring (Fig. 19B), and lies in a plane perpendicular to the 
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Nucleophile 


O 
x 
Nueleophile 
(A) 


No Large Ortho Substituents: 


The ester function lies in the same plane as the benzene 
ring. Nucleophilic attack can readily occur from a direction 


perpendicular to the plane of the ring. 


Nucleophile 
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Nucleophile 


(B) 


Two Large Ortho Substituents: 


The ester function lies in a plane perpendicular to the 
benzene ring. Nucleophilic attack must come from a plane perpendi- 
cular to the plane of the ester function, access is blocked by the 


large ortho substituents (R). 


Fig. 19. Steric Hindrance in Aromatic Esters. 
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ring. In this orientation, the approach of the attacking reagent is 
blocked by the two ortho substituents, preventing hydrolysis (Fig 19B). 

Recent investigation of enzymic hydrolysis of esters reveals 
that the mechanism is similar to that of alkaline hydrolysis (Westheimer, 
1962). For this reason, the action of such enzymes should be sensitive 
to steric factors in substrates. On the basis of the above considera- 
tions, it has been suggested (Hirsch et al., 1967) that the ortho-methyl 
substituents in compounds I, VII and XVII, are required to protect the 
ethoxycarbonyl groups from hydrolysis by liver and other esterases. 
Since hydrolysis of the ethoxycarbonyl groups would make the molecule 
less lipid soluble and therefore easier to eliminate (aredie & Hogben, 
1957), it is likely that molecules which are readily hydrolyzed will 
not achieve a concentration in the liver adequate to induce increased 
porphyrin biosynthesis. It was suggested that DDC (I) and other active 
porphyria-inducing agents of this series were metabolized by an oxida- 
tive mechanism and that this type of metabolism increased the demand 
for protoheme and porphyrin formation for reasons outlined below. 

The oxidative metabolism of drugs is mediated by enzymes 
located in the microsomal fraction of the mammalian liver. Cytochrome 
P-450, a protoheme containing enzyme of the endoplasmic reticulum, is 
thought to play a key role in this type of metabolism. A suggested 
scheme (Omura et al., 1965) for oxidative metabolism is shown in Fig. 
20. According to this scheme, NADPH reduces a flavoprotein which in 
turn reduces a non-heme containing iron (ferric) protein. The ferrous 
protein reduces cytochrome P-450 to reduced cytochrome P~450 which 
combines with oxygen to form an "active oxygen" intermediate (cyto- 


chrome P-450-0). This ''active oxygen'' intermediate reacts with the 
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drug forming the oxidized drug and regenerating cytochrome P-450 
(Gillette, 1966; Conney, 1967). Phenobarbital increases the amount of 
cytochrome P-450 and the activity of drug metabolizing enzymes and §- 
ALA synthetase in liver (Orrenius & Ernester, 1964; Remmer & Merker, 
1965). These observations prompted Granick (1966) to suggest that the 
porphyrin formed following de-repression of §-ALA synthetase in response 
to phenobarbital and other porphyria-inducing drugs is utilized for the 
formation of protoheme. This protoheme in turn serves as the prosthetic 
group of cytochrome P-450 which is required for the oxidative metabolism 
ObsdruUGs Lf this interpretation, of Granick's is correct, then all 
porphyria-inducing drugs should be oxidatively metabolized. 

To investigate the validity of the above ideas, tSceTapet ted 
3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethylpyridine (VI) has been 
prepared, injected into 17-day old chick embryos and the total amount 
of drug and its metabolites in the liver was measured at different time 
intervals. These results were compared with those obtained with DDGeaE 
It was anticipated that BR ey ene ca ha ee oF oe er 
pyridine (VI) would be more readily metabolized and therefore not achieve 
as high a concentration in,the liver as DDC (1). Moreover, it was anti- 
cipated that metabolites of 3,5-diethoxycarbonyl-1,4-dihydro~-2,6-dimethyl - 
pyridine (VI) would be obtained which resulted from hydrolysis. On the 


other hand, it was anticipated that metabolites of DDC would be obtained 


resulting from oxidative metabolism. 
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Experimental 


ie Source of Compounds 
Chloranil was obtained from Eastman Organic Chemicals, Rochester, 
New York. Neutral alumina (activity grade I) was purchased from Alupharm 


Chemicals, New Orleans, La. 


ii. Instrumentation 

Nuclear magnetic resonance spectra were determined by the 
Department of Chemistry or the Faculty of Pharmacy, University of Alberta, 
Edmonton, Alberta. All nuclear magnetic resonance spectra were determined 
in CDC1.; internal reference, tetramethylsilane; oscillator frequency 
60 Mc/s. Infrared spectra were obtained with a Perkin-Elmer 137 sodium 


chloride spectrophotometer. 


iii. Preparation of Thin-Layer Plates 

Silica gel G (50 g) was washed with three 100 ml portions of 
methanol, dried at 50° and suspended in 100 ml of distilled water. The 
suspension was poured into a Desaga adjustable spreader and spread onto 
20 x 20 cm glass plates. The plates were allowed to dry at room tempera- 


ture and activated at 110° for 30 minutes just prior to use. 


iv. Synthesis of 3,5-Diethoxycarbonyl-1 ,4-dihydro-2,6-dimethylpyridine 


This compound was prepared by the procedure of Loev and Snader 
(1965) and involves the condensation of two moles of ethyl acetoacetate 
with one mole of formaldehyde and one mole of ammonia as illustrated on 


the next page. 
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ON: Ag H.-C 00C COOC ,H 
| 2 nay 52 2'5 
O=C “i C=0 ———— | | 
| | HAC x CHL, 
CH, CH, 
NH. 


Ethyl acetoacetate (26 g; 0.2 moles), formaldehyde (8.1 g; 0.1 
moles) and 10 ml of concentrated ammonium hydroxide (0.15 moles) in 20 ml 
of ethanol were refluxed for 3 hours. The cooled reaction mixture was 
poured into 250 ml of ice cold water and the product which crystallized 
(yield 65%) was collected. The product was crystallized from ethanol - 
Waeer em, pelo) =) 163-4.) max. (ethanol) 231 and 365 mi, (c, 116,200 and 
6,830). Braude et al. (1960) reported m.p. 189 - 190°, } max. 230 and 
372 mu (e, 16,000 and 7,250). Examination of this product by gas-liquid 
chromatography revealed the presence of an impurity constituting approxi- 


mately 5% of the sample. 
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The essential data derived from the nuclear magnetic resonance 


spectrum (Fig. 21) is given below: 


H H 
HC — H,COOC COOCH,, — CH, 
a d | | d a 
HC N CH, 
b H b 
Tt Value Proton Assignment J (cps) Relative Peak Area 
Found Theoretical 
8.72 a Ee 625 6 
7263 b 6.0 6 
Tha Not assigned 13 
Ora) Cc ihots: 2 
520) d T20 Cb oe 4 
Ee e BOO 1 


Schroll et al. (1968) reported the following spectral characteristics: 


8.70 a ie 
1218 b 
6.70 @ 
oR ks, d 7.0 
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Ve Attempted Purification of 3,5-Diethoxycarbonyl-1 ,4-dihydro-2,6- 


dimethylpyridine by Column Chromatography 


A column (2 cm internal diameter) was packed in the usual 
manner to a height of 25 cm with either alumina (neutral activity grade 
I) or silica gel. The dihydropyridine was dissolved in a minimum amount 
of chloroform and placed on the column. Elution was carried out with 
petroleum ether, petroleum ether-benzene mixtures, benzene, benzene- 


chloroform mixtures and chloroform. 


vi. Synthesis of 3,5-Diethoxycarbonyl-2,6-dimethylpyridine from 3,5- 
Diethoxycarbonyl-1 ,4-dihydro-2,6-dimethylpyridine 
The conversion involves the oxidation of 3,5-diethoxycarbonyl - 
1,4-dihydro-2,6-dimethylpyridine (VI) to the pyridine (XVIII) (Braude 


et al., 1960) as shown below: 


H 4H j H OH 
H.C, 00C COOC,H, Cl Gi H.C ,00C A $006,H, Cl 
( IG = — oe. 
HC N CH, Cl 1 CH, yn ~CH, Cl 
H ll 
0 OH 
(VI) (XIX) (XVIII) 


A solution of 10 g of chloranil (XIX) (0.04 moles) in 250 ml 
of tetrahydrofuran was added to a solution of 10 g (0.04 moles) of the 
di-ester (VI) in 200 ml of tetrahydrofuran at 25°. After 1 hour, the 


solvent was removed with a rotary evaporator and the residue dissolved 
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in 100 ml of ether. The ethereal solution was extracted with three 50 ml 
portions of 1N HCl. The acidic solution was neutralized with sodium car- 
bonate and the product, which crystallized, collected (yield 66%). The 
product was purified by repeated crystallizations from ethanol-water, 
yielding the pure di-ester (XVIII), mp. 70 - 71°, \} max. (ethanol) 235, 
2/35 and? 28lemp (ée,41155005535,930F and: 3,260).4 Braude- et.al: { (1960) 
Bepontedam. pags. sa 4oous hemarhe2sOne2soeand (ZeZemla(esel3y200, 4,120 
and 3,380). The essential data derived from the nuclear magnetic resonance 


spectra is given below: 








d 
H 
HC — H,CO00C go COOCH .— CH, 
a Cc iG a 
SS 
HC N CH, 
b b 
tT Value Proton Assignment J (cps) Relative Peak Area 
Found Theoretical 


8.58 a 720 Dad 6 
7.14 b 6.0 6 
5.58 Cc Tae a 4 
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vii. Reduction of 3,5-Diethoxycarbonyl -2,6-dimethylpyridine With 
Sodium Borohydride 

Sodium borohydride (665 mg) was added in small portions over 
a 30 minute period to a solution of 2 g (0.008 moles) of the pyridine 
(XVIII) in 30 ml of ethanol (Brignell et al., 1966). The solution was 
kept at 25° for 72 hours, 15 ml of water added and the solution heated 
on a water bath. Upon cooling, the crystals which separated were 
collected (yield 30%) and purified by crystallization from ethanol-water, 
mepwal40 s=l50 Sek maxa (ethanol) 2310 and 375 mi (ce, 16,000 and 6,920). 
Braudaset salt, «(1900 )ereported mip. 1895-5190 ° 474 max 230 -ands372) mi 
(e, 16,000 and 7,250). The nuclear magnetic resonance spectrum was 
similar to that of the product obtained by the previous procedure 


(section iv). 


viii. Synthesis and Radiochemical Purity of 3,5-Diethoxycarbonyl-1,4- 
Hides! o-Ci me env loeridines ec 

To a vial containing 0.1 mCi (4.17 mCi/mmole) ethyl aceto- 
Beetare-3 2G, was added 0.78 g (0.006 moles) of unlabelled ethyl aceto- 
acetate to yield a product of 0.017 mCi/mmole. The contents were 
transferred to a 10 ml flask with 2 ml of ethanol. Formaldehyde (0.090 g; 
0.003 moles) and 0.75 ml (0.005 moles) of concentrated ammonia solution 
was added to the flask and the mixture refluxed for 3 hours. After 
cooling, water was added to the reaction mixture and the product which 
Eee was collected (yield 65%). The product was purified by 
successive crystallizations from ethanol-water until the specific activity 
of the compound remained constant. This was achieved after 3 crystalli- 
zations. The product, m.p. 150 - 153°, was found to have a specific 


activity of 0.024 mCi/mmole, } max. (ethanol) 231 and 375 mp (e, 14,800 
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and 6,990). Braude et al. (1960) reported m.p. 189 - 190°, } max. 231 


and 372 mi (¢, 16,000 and 7,250). 


ix. _Synthesis and Radiochemical Purity of 3,5-Diethoxycarbonyl-2,6- 
acner ei eredines c 

A Ysolution of 80 me chloranil (XIX)) (0.3 mmoles) in 10 ml of 
tetrahydrofuran was added to a solution of 75 mg (0.2 mmoles) 3,5-diethoxy- 
carbonyl-1,4-dihydro-2,6-dimethylpyridine--c (0.024 mCi/mmole) in 10 ml 
of tetrahydrofuran. The product (yield 50%), isolated in the usual manner, 
was purified by successive crystallizations from ethanol-water until the 
specific activity of the compound remained constant. This was achieved 
after two crystallizations. The product, m.p. 70 - 71°, was found to have 
a specific activity of 0.024 mCi/mmole, ) max. (ethanol) 235, 273 and 281 
Goma ent OO woe u0eand. 3,200) Brauderetual. .CL900)) reported msp.—/3,9- 


74.5°, } max. 236, 273 and 282 mu (ec, 13,200, 4,120 and 3,380). 


Se Amount of 14, in the Livers at Different Time Intervals After 


Injection of 3,5-Diethoxycarbonyl-1,4-dihydro-2,6-dimethylpyridine- 


14, Into Fluids Surrounding the Chick Embryo 


The procedure employed was that used for ppc -!4¢ andl oO sC is 


pihos ecrbonylo2 4 o-crimethyinyel dines oes described in chapter IV. 


xi. Extraction of Labelled Drug and Metabolites From 17-Day Old Chick 
Embryos and Surrounding Fluids After Injection of 3,5-Diethoxy- 
aes AaeD, wea fapades PGi me ny ioyridine--c 

The procedure employed for the extraction of the drug and its 
metabolites was the same as that described for poc-!%c and 3,5-diethoxy- 
carbonyl -2,4,6-trimethylpyridine-!4c in chapter IV. The recovery of 


radioactive material was 50% of the amount injected. 
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xii. Determination of the Amount of 3,5-Diethoxycarbonyl-1,4-dihydro- 

2, Conknesimlomr eno ve and_3,5-Diethoxycarbonyl-2,6-dimethyl - 

pyridines sec in Chick Embryo Extracts by Isotope Dilution Analysis 
Cay) 3, 5-Diethoxycarbonyl-1,4-dihydro-2,6-dimethylpyridine-!4c¢ 

The procedure for estimating the concentration of this compound 

by means of isotope dilution analysis was essentially the same as that 
described for ppc -!¢ (chapter IV), except that extraction of the drug 
from the petroleum ether-methanol (1:2) solution was carried out with 
methanol-water (4:1) rather than methanol-water (2:1). The product was 
crystallized to constant specific activity (0.001 UCi/mmole), } max. 
(ethanol) 231) and’ 375 mi (6, 14,900 and 7,000). Assuming all thesrad1o- 
activity in the original extract from the chick embryo and fluids was 
represented by eee ony imedi ny dros mondimechel ny riding saiG 
(Vi) turcoulcdpbescalculated thatthe Speciitic activity of the reerystal - 


lized product would have been 0.034 uCi/mmole. 





(b) 
The procedure for estimating the concentration of this com- 
pound by isotope dilution analysis was the same as that described for 
ee ee ete on meno ecinetnyipyeidines sc (chapter IV) except 
that 3,5-diethoxycarbonyl-2,6-dimethylpyridine, which is a solid, was 
allowed to crystallize from the final neutralized acid extracts. The 
compound (m.p. 70 - 71°) was then crystallized to constant specific 
activity (0.029 uCi/mmole) from ethanol-water, \ max. (ethanol) 235, 
273 ande28 lem Ges nk1,,000; 3,860 and 93,150). Braudeset val 341960) 
neported ) maxa .2369\273 sand 282 mi (e, 13,200; 4,120 and 3,380). 
Assuming all the radioactivity in the original extract from the chick 


embryo and fluids was contributed by 3,5-diethoxycarbonyl -2,6-dimethyl - 
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wt. 14 P 
pyridine- C (XVIII), it could be calculated that the specific activity 


of the recrystallized product would be 0.034 uCi/mmole. 


xiii. Amount of Unchanged 3,5-Diethoxycarbonyl-1,4-dihydro-2,6-dimethyl- 
spurte in the Liver at Different Time Intervals After 
Injection of Labelled Drug into Fluids Surrounding the Embryo 

The procedure for the extraction of this drug and its metabo- 
lite(s) from liver after injection of 3.8 mg (15,000 mumoles) into the 
fluids surrounding the chick embryo was identical to that described for 
ppc -!4¢ (chapter IV). Because of the small amount of radioactive drug 

in the liver 24 hours after injection, the extracts from two livers were 

combined prior to chromatographic separation of unchanged drug and its 

metabolite(s). The Rf value on silica gel plates for the dihydropyridine 

(VI) using benzene-methanol (14:1) as developing solvent was 0.38 and for 

the pyridine (XVIII) was 0.71. The liver residue after extraction was 


found to contain no radioactivity. 


xiv. Attempts to Determine the Nature of the Metabolite(s) of 3,.5- 
DPSenonenrserel le arainarocs ond imethylpvegdine- uae invExXenacts 


of Chick Embryo 


The drug and its metabolites were extracted from the embryo 
and surrounding fluids with chloroform-methanol (2:1) as outlined for DDC 
(chapter IV). The residue (R) obtained by removal of the solvent (Fig. 
22) RET treated successively with four 250 ml. portions of methanol and 
the methanol extracts (ME) decanted from the insoluble sludge, combined 
and counted (Fig. 22). After removal of the methanol with a rotary 
evaporator, the residue was dissolved in 400 ml of petroleum ether- 


methanol (1:2). The bulk of the radioactive material was extracted from 
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Residue (R) 


Methanol 
treatment 





Methanol extract (ME) 


Insoluble 
2,230,000 dpm 


sludge 
15,000 dpm 


Methanol removed, 
residue dissolved in 
petroleum ether-methanol (1:2) 





Petroleum ether-methanol Methanol-water (4:1) 





Gi) 1,950,000 dpm 
280,000 dpm 
Methanol-water (4:1) 
removed, residue 
extracted with 
methanol 
Petroleum ENGHGE Methanol (M) 
ether-methanol 275,000 dpm 1,940,000 dpm 
Cle } Residue 
5000 dpm 6000 dpm 
Column 
chromatography 
ELoyaez2. 


Separation of 3,5-Diethoxycarbonyl~-1,4-dihydro-2,6-dimethyl - 


pyridine (VI) and its Metabolite(s) 
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the petroleum ether-methanol (1:2) solution with three 200 ml portions 

of methanol-water (4:1). The remaining radioactivity in the petroleum 
ether-methanol (1:2) solution was extracted with three 100 ml portions 

of 1N HCl (Fig. 22), For convenience, further investigation of the 1N 

HCl solution and the methanol-water (4:1) solution will be discussed 
separately below. For the sake of brevity, the abbreviation, dpm, is 

used throughout this chapter for counts per minute corrected for quenching 


(Noujaim, 1969). 


(a) Investigation of the 1N HCl Solution 


The 1N HCl solution was neutralized with sodium carbonate and 
the neutralized solution extracted with three 100 ml portions of ether. 
The ethereal solution was extracted with four 25 ml portions of 1N HCl, 
the acid solution neutralized with sodium carbonate and the neutralized 
solution extracted with three 50 ml portions of ether. The ether was 
removed, methanol (10 ml) added to the residue and 1 ml aliquots removed 
and added to vials containing 14 ml of toluene scintillation solution. 

A portion of the methanol solution (approximately 0.3 ml) was placed as 

a band on a thin-layer plate coated with 250u of silica gel G and devel- 
oped with benzene-methanol (14:1). The radioactive area was detected 

with the radiochromatogram scanner and the Rf of the compound was found 

to be 0.72. For purposes of estimating a suitable concentration for 
recording the ultraviolet absorption spectra, it was assumed that all 

the radioactivity in the solution was contributed by 3,5-diethoxycarbonyl- 
ee dee aot metho lnyridineesec (VI). Examination of the Wire 
violet absorption spectra in ethanol revealed absorption bands at 236, 

273 and 281.5 mu. 3,5-Diethoxycarbonyl-2,6-dimethylpyridine (XVIII) has 


an Rf of 0.71 in benzene-methanol (14:1). Braude et al. (1960) reported 
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Ao max, 2355027 oeand e231) mil) 


(b) Methanol-Water (4:1) Extract of Petroleum Ether-Methanol CieeZ) 


Solution 

The methanol-water (4:1) was removed with a rotary evaporator 
and the residue extracted with three 100 ml portions of methanol. The 
methanolic solution was concentrated to 10 ml and placed on top of an 
alumina (neutral activity grade I) column (2 cm x 25 cm). The drug and 
its metabolite(s) were eluted from the column by a series of solvents of 
increasing polarity and the fractions counted in either the toluene 
scintillation solution or in a dioxane scintillation solution prepared 
as follows. To 100 g naphthalene, 4 g PPO, and 0.1 g POPOP was added 
dioxane to make a final volume of 1 liter (Wang & Willis, 1965). The 
dioxane scintillation solution was utilized for counting water containing 
eluants. The eluting solvent used and the amount of radioactivity in 


each fraction is given below: 








Fraction Eluting Volume Total Radioactivity 
No. Solvent (m1 ) (dpm) 
th petroleum ether 200 830,000 
oi chloroform B15 6,600 
3 chloroform-methanol(1:1) 250 594,000 
—_ methanol 75 23,000 
5 methanol-water (7:3) 200 289,000 
6 methanol-water (1:1) 250 61,000 


7 water 100 1,000 
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To facilitate discussion, fraction no.1 will be referred to as 
alumina fraction A-I, fraction 3 as alumina fraction A-II, and fractions 


5 and 6, which were pooled, as alumina fraction A-III. 


1. Alumina Fraction A-I 





The solvent was removed, the residue dissolved in 5 ml of 
methanol and placed as bands on several silica gel plates (750 yu). After 
development with benzene-methanol (14:1) was carried out, one radioactive 
spot (Rf 0.72) was detected with the radiochromatogram scanner. The radio- 
active areas of silica gel were removed and eluted with three 25 ml 
portions of methanol. One ml aliquots of this methanolic solution were 
added to vials containing 14 ml of toluene scintillation solution and 
counted. Inspection of the ultraviolet spectral properties of this solu- 
tion See Te absorption bands in ethanol at 236, 273 and 281.5 mu. For 
purposes of estimating a suitable concentration for recording the ultra- 
violet absorption spectra, it was assumed that all the radioactivity in 
the solution was contributed by 3,5-diethoxycarbonyl-1,4-dihydro-2,6- 


Aimatiy (pyeicinesuec (Veie) 


2. Alumina Fraction A-II 

The solvent was removed, the residue dissolved in 5 ml of 
methanol and a portion placed as a band on a 2 inch silica gel (250 LK) plate. 
The material did not migrate from the origin after development with 
benzene-methanol (14:1). The remainder of the solution was placed as 
bands ~~ 20 x 20 cm silica gel (750 LL) plates. After development with 
butanol-methanol-water (9:1:1), one radioactive spot was detected with 
the radiochromatogram scanner. The radioactive areas of silica gel 
were removed and eluted with three 25 ml portions of methanol. After 


concentrating the methanolic solution, the residue was purified by 
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repetition of the chromatographic procedure two more times. The Rf of 
the radioactive material was 0.52. An aliquot (1 ml) of the purified 
material in methanol (75 ml) was counted and on the basis of the radio- 
activity, the solution was diluted with ethanol in order to record the 
ultraviolet absorption spectrum. The solution was found to have an 
absorption band at 241 mi. Potassium chloride (200 mg) was added to an 
amount of methanolic solution containing approximately 1 mg of radio- 
active material. The solvent was removed and the residue dried at 100° 
under reduced pressure. The residue was compressed into a pellet and the 
infrared spectrum recorded. No information could be obtained from this 


spectrum due apparently to contaminating material. 


3. Alumina Fraction A-III 
This fraction was treated in the same manner as alumina 
fraction A-II. A wide radioactive band (Rf 0.5) was obtained on the 


thin-layer chromatogram, A max. (ethanol), 251 mi. 


xv. Attempts to Determine the Nature of Metabolites of ppc-!4¢ in 
Extracts of Chick Embryo 


The drug and its metabolite(s) were extracted from the embryo 
and surrounding fluids with chloroform-methanol (2:1) as outlined in 
chapter IV. This extract was treated in a manner similar to the extract 
from chick embryos which had been injected with 3,5-diethoxycarbonyl - 
ed iedrownoedi methyl pyrictnctane (VI). However, methanol-water (2:1) 
was ea EEE (Fig. 23) to extract the petroleum ether-methanol (1:2) 
solution rather than methanol-water (4:1) used previously. This was 
necessary because of the different solubilities of compounds encountered 
in this experiment. Following this treatment, the methanolic solution 


(designated M in Fig. 23) containing the radioactivity was concentrated 
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Residue (R) 


Methanol extract (ME) 


Insoluble 
2,130,000 dpm 


sludge 
5000 dpm 


Methanol removed 
replaced with 


petroleum ether-methanol 
(1:2) 





Petroleum ether-methanol 


Methanol-water (2:1) 
C22) extract 
2,000 dpm 2,128,000 


Methanol-water (2:1) 
removed, residue 
extracted with 
methanol 





Residue 
3,000 dpm 
Methanol (M) 
2,125,000 dpm 


Column 
Chromatography 


Fig. 23. Separation of DDC and its Metabolite(s) 
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to 10 ml and placed on top of an alumina column (2 cm x 25 cm). Details 
of the chromatographic separation are shown below. 


a 


Fraction Eluting Solvent Volume Total Radioactivity 
no. (m1 ) (dpm) 


1 petroleum ether 400 Pe O0Z1 000 
2 benzene-petroleum 

ether (1:1) 200 No activity 
3 benzene-chloroform 

Gres) 200 No activity 

4 chloroform 200 No activity 
5 chloroform-methanol 

(Giese Deer ees ST est ®) 200 each No activity 
6 methanol 200 463,000 
i} methanol-water (2:1) 500 642 ,000 
8 water 100 5,000 


To facilitate discussion, fraction no.l will be referred to 
as alumina fraction B-I and fraction no.6 and no.7, which were pooled, 


WLLL be reterred to as alumina’ fraction "B=-11% 


(a) Alumina Fraction B-I 

The solvent was removed and the residue dissolved in 5 ml of 
methanol. A portion of the methanol solution was placed as a band on a 
2 inch silica gel plate (250 y) and the plate developed with benzene- 
methanol (14:1). One radioactive spot was detected with the radiochroma-~ 


togram scanner, Rf 0.42. The silica gel containing the radioactive 
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material was removed and eluted with three 25 ml portions of methanol. 
A portion of the solution was diluted with ethanol and the ultraviolet 
spectrum recorded. Absorption maxima were located at 233 and 351.5 mp. 
DDC has an Rf of 0.45 in benzene-methanol (14:1). Marks et al. (1965) 


reported } max. (ethanol) 232 and 351 mu for DDC. 


(b) Alumina Fraction B-II 





The solvent was removed and the residue dissolved in 5 ml of 
methanol. The solution was placed as a band on silica gel (750 u) 
plates and the plates developed with butanol-methanol-water (9:1:1). 
Two radioactive spots, Rf 0.46 and 0.60 were detected. These are desig- 
nated as alumina fraction B-Ila and alumina fraction B-IIb, respectively. 
The portions of silica gel containing the radioactive material were re- 
moved, each eluted with three 25 ml portions of methanol and the methanol 
solutions were concentrated to 5 ml for repetition of the chromatographic 
procedure. In an attempt to obtain the purest possible material for 
spectroscopic investigation, each fraction was subjected to repeated 
re-chromatography in the system described above. The fractions were 
diluted with ethanol and the ultraviolet spectra recorded. An absorp- 
tion maximum at 251 mu was found for alumina fraction B-Ila and 257 mu 
for alumina fraction B-IIb. An attempt was made to record the infrared 
spectra of these fractions by the procedure described previously. No 


information could be obtained, due apparently to contaminating material. 


xvi. Distribution Between Solvents of Radioactivity From Extracts of 
Chick Embryos Injected with 140 tL abelled Drugs 


(a) 345 «Diathoxvearbonyl*1y4<dihydro-2)6-dimethylipyridine-!"c 


The solvent was removed from a portion of the methanol extract 


(M in Fig.22) and the residue dissolved in 10 ml of ether. Aliquots of 
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the ether solution (5 ml) were placed in each of two separatory funnels 
and 45 ml of ether added. One percent sodium carbonate solution (50 ml) 
was added to one of the funnels and 50 ml of water was added to the 
other. The contents of the funnels were thoroughly agitated and one ml 
aliquots of each layer added to vials containing 14 ml of the dioxane 
scintillation solution for counting. As a control, the above sequence 
of steps was carried out with a solution of 3,5-diethoxycarbonyl-1,4- 
dihydro-2,6-dimethylpyridine-!4c (Vi)ein ether: 


(b) ppc-t4c 


The procedure employed for this study was identical to that 


used for peter on rien al dine remeecimernyipyridines 6 (VI) 


which has been described above. 


Results and Discussion 

The first objective of this study was to synthesize 3,5-di- 
Senoonr bon sili, Mddiydto 22), 6d Ae ERY oy td eee (VI) in radiochemi- 
cally pure form. Synthesis of the unlabelled dihydropyridine (VI) 
yielded alpreduct, ‘mp. “158 ™=*L63%, 0 max ¥"(Cethanol 231 “and 375ml 
Cay £4800 Mand'¥6{990)¥ + Braude*ét’ alSeCL960)- “reported 'm. pF els9 ©- =190°% 
X max. 231 and 372 mu (e, 16,000 and 7,000). It was disturbing that 
the melting point of our compound differed so markedly from that 
previously reported. For this reason, a further investigation of this 
dordodttta was required. Examination of the nuclear magnetic resonance 
spectrum (Fig. 21) revealed a peak at 7.12T which could not be explained 
in terms of the proposed structure for the compound. It was suspected 
that this peak may have been due to ethanol which was not removed. 


However, recording the spectrum in the presence of D0 indicated that 
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this was not the case. Examination of the dihydropyridine (VI) by gas- 
liquid chromatography revealed the presence of an impurity constituting 
approximately 5% of the sample which had a retention time identical to 
that of an oxidized product of the dihydropyridine (VI), viz. 3,5-dietho- 
xycarbonyl-2,6-dimethylpyridine (XVIII). It was likely this impurity 
was formed by decomposition of the dihydropyridine (VI) on the hot Celite 
column. This was confirmed by an examination of the ultraviolet ab- 
sorption spectrum of the dihydropyridine (VI) which showed clearly that 
no pyridine was present prior to gas-liquid chromatography. Attempts 
to purify the dihydropyridine (VI) on an alumina column (neutral activity 
grade I) or silica gel column were unsuccessful due to its instability 
and subsequent conversion to the pyridine (XVIII). 

An alternate route was explored for the preparation of the 
dihydropyridine (VI) in pure form. The pyridine (XVIII) was reduced to 
the dihydropyridine (VI) with sodium borohydride and the purity of this 
product examined. However, it was shown that this product was not 
superior to that obtained by the previous procedure. Since all attempts 
to obtain a product with the recorded melting point had failed, it 
appeared possible that the melting point was not a good criterion of 
purity. In particular, the ready decomposition of this product to the 
pyridine (XVIII) might afford an explanation for the low melting point 
observed. It was decided to assess the purity of the dihydropyridine 
(VI) as follows. 3,5-Diethoxycarbonyl-1,4-dihydro-2,6-dimethylpyridine 
(VI) was crystallized to constant specific activity (0.024 mCi/mmole) 
and oxidized to 3,5-diethoxycarbonyl-2,6-dimethylpyridine (XVIII) 

(0.024 mCi/mmole). Since the specific activity of the dihydropyridine 
(VI) was the same as that of the PURE pyridine, it was clear that if 
it contained an impurity, it was present in very small quantities. 


For this reason, it was decided to proceed with our planned experiments 
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using the dihydropyridine (VI) and bearing in mind that it might contain 
a minor contaminant. 

The second objective of this study was to measure the total 
amount of radioactivity and unchanged drug in the livers of 17-day old 
chick embryos at different time intervals after the injection of 3,5- 
diethoxycarbonyl-1,4-dihydro-2,6-dimethylpyridine-!“C (VI). The total 
amount of radioactive drug in the livers of chick embryos at different 
time intervals is shown in Table XV and is compared to results previously 
obtained with poc-!4¢ in Fig. 24. The amount of radioactive drug present 
in the liver at any specific period in time after injection of 3,5- 
Mietio year hor via lea di nvdror2 osc imeriylnyri dimen c (VL) was approxi- 
mately one-fifth of the amount after injection of poc-!4c. This 
observation was in accordance with the expectation that 3,5-diethoxy- 
carbonyl-1,4-dihydro-2,6-dimethylpyridine (VI) would be more readily 
metabolized and therefore not achieve as high a concentration in the 
liver as DDC. 

To determine whether metabolism of 3,5-diethoxycarbonyl-1,4- 
dihydro-2,6-dimethylpyridine (VI) occurs in the chick embryo, the 
technique of reverse isotope dilution analysis was used. By this means, 
it was shown that the radioactive drug extracted from the chick embryo 
contained approximately 3.5% unchanged drug and 84% of the oxidation 
product, viz. 3,5-diethoxycarbonyl-2,6-dimethylpyridine (XVIII) (Table 
XVI). Assuming that the pyridine was formed non-enzymically from the 
dihydropyridine (VI), it could be calculated that of the radioactive 
drug extracted, approximately 12.5% of 3,5-diethoxycarbonyl-1,4-dihydro- 
2,6-dimethylpyridine (VI) had been converted enzymically to a metabolite. 


The total radioactive material in the livers of chick embryos 
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TABLE XV. AMOUNT OF RADIOACTIVE DRUG IN LIVERS OF 17-DAY OLD 


CHICK EMBRYOS FOLLOWING INJECTION OF 3.8 MG (15,000 muMOLES) 


3 ,5-DIETHOXYCARBONYL-1 , 4-DIHYDRO-2 , 6-DIMETHYLPYRIDINE-!“c 








Time After Injection Amount of Radioactive Tren 
(hours) mumoles/100 mg liver! 
he ee OTL 0) 
3.8 20. (9) 
6 59 hs) 
12 BU Gue. sino ee (CO) 
24 She fey 1) 
48 229 ae Ones 1 (6) 


The number of experiments is given in parentheses. 


id The results in this table are calculated on the basis that 
all the drug in the liver is 3,5-diethoxycarbonyl-1,4-dihydro- 


eee een love idineewaG GN. 


t Mean + SE of mean. 





. ae 
my Py rem. 


== as eet 


G10 YAG-Ts 30 gaavrs WX opAE GVITOADIGAR 4 CWUOMA VX AuBAT a 
inf. 8 tawitee! | 








(220s 000,25) OM 8.€ 30 KOXPLEUAT OMIMOLION SOYRAME OTH | ae 
; joy Mel Oe ; 
o*! sitaravaaverera-a, $-OdqYHIG-a, {- NOS AADYROBTATG-2€ cy 
~ Bs pat)) eeed 
4 . i | ~ see : 
gu11 svizosolbai 30 inuoms gobsoetar 799A emiT - 
‘eavit am 00S \esTomiun (exaoit) mS 


(OL) 5.0 b vA : 2.0 { €@ia@ia 


oe bende - 
aegadaneis, rt nevig et naaalnnaaee Sy Saale eft rake 
a .%.0M . oa 
‘iitieas renee en mala aS 
ee Aelia at phe ery vy. 


yr ar ; a : » 
on i fe i ; 






















40 


30 
© 
= 
el 
= 
oO 20 
e) 
Ss 
ie) 
ra 
OQ 
® 
o |0 
= 
= p---—4 

avon ma =e 
~~ ~5. Sp i a I eed eee o 
O 


Fig. 24. Amount of Radioactive Drug in Livers of 17-Day Old Chick 
Embryos at Different Time Intervals After Injection of 
poc-!"c ( o———_-—-0 ) and _ 3, 5-Diethoxycarbonyl-1 ,4- 
Dy anee Mood ine hy lpuxtditie eC (O--—---—O ). Each 


Point Represents Mean + S E of Mean. 
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TABLE XVI. ISOTOPE DILUTION ANALYSIS OF RADIOACTIVE EXTRACTS FROM 


EMBRYOS INJECTED WITH 3,5-DIETHOXYCARBONYL-1 ,4-DIHYDRO-2,6- 


DIMETHYLPYRIDINE-!“c 





Diluting Agent Unchanged Drug 
% of Total Radioactivity Extracted 
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Duplicate analyses were performed. 
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was extracted at various time intervals and separated by means of thin- 
layer chromatography using benzene-methanol (14:1) as the developing 
solvent. By means of the radiochromatogram scanner, radioactive 
material could only be detected at the origin of the chromatogram. This 
radioactive material could not have been 3,5-diethoxycarbonyl-1,4-dihydro- 
2,6-dimethylpyridine (VI) or its oxidation product (XVIII) since these 
compounds have Rf values of 0.38 and 0.71 respectively in this system. 
Since the amount of radioactive material which had been placed on the 
chromatogram was small, it was possible that the radiochromatogram 
scanner was not sufficiently sensitive to detect small amounts of radio- 
activity contributed by the unchanged drug (VI) or by its oxidation 
product (XVIII). For this reason, the areas of silica gel corresponding 
to the Rf values of these compounds were removed and counted(Table XVII). 
The results show that at 6 hours only 3.7% of the total 
activity in the liver was represented by unchanged drug (VI) while at 
24 hours, this drops to a level which could not be detected. These 
results may be too low in view of the following considerations. When 
an aliquot of 3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethylpyridine- 
Wie (VI) is added to a control liver, extracted and chromatographed by 
our usual procedure, the material on the chromatogram is shown to be 
approximately 40% 3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethylpyridine- 


Bs (VI) and approximately 60% 3,5-diethoxycarbonyl -2,6-dimethylpyridine- 


1c (XVIII). Clearly, oxidation occurs during extraction and it is 
therefore possible that in previous experiments (TabletXVIL), the Liver 
contained 3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethylpyridine (VI) 


which was converted to the oxidation product (XVIII) during the extrac-~ 


tion procedure. For purposes of comparison with the results previously 
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obtained with DDC, it was assumed that the 3,5-diethoxycarbonyl -2,6- 
dimethylpyridine (XVIII) recovered (Table XVII) from livers represented 
unchanged 3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethylpyridine (VI) 
in the liver which had been oxidized in the course of the extraction 
procedure. The total unchanged drug in the liver was calculated by 
adding the amounts of 3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethyl - 
pyridine (VI) and 3,5-diethoxycarbonyl-2,6-dimethylpyridine (XVIII). 
This amount of unchanged drug is plotted in Fig. 25, and compared with 
results previously obtained with DDC. Clearly, there is far less 
unchanged 3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethylpyridine (VI) 
in the liver than unchanged DDC. This observation is in paar 
with the expectation that 3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethyl - 
pyridine would be more readily metabolized and therefore not achieve as 
high a concentration in the liver as DDC. However, it is unlikely that 
the inactivity of 3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethylpyridine 
(VL) can be attributed solely to the low level in the liver for the 
following reason. When 0.1 mg (325 mumoles) of ppc-!4¢ was injected 
into the fluids surrounding 17-day old chick embryos, a level of 1.1 + 
0.1 mumoles/100 mg liver (+ SE of mean, n = 9) of total radioactive 
drug was attained 6 hours later, which was sufficient to induce por- 
phyrin biosynthesis. This level is comparable to the level of 
unchanged 3,5-diethoxycarbonyl~-1,4-dihydro-2,6-dimethylpyridine (VI) 
attained 6 hours after injection. 

A third objective of our studies was to investigate the nature 
of the metabolite(s) of DDC and 3,5-diethoxycarbonyl-1,4-dihydro~2,6- 
dimethylpyridine (VI). Our first studies were directed to an examination 


of the metabolite(s)of 3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethyl - 
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pyridine (VI) separated as shown in Fig. 22. Examination of the 1 N HCl 
solution containing 270,000 dpm and alumina fraction A-I, revealed that 
they contained a product whose chromatographic and ultraviolet spectral 
characteristics were the same as 3,5-diethoxycarbonyl-2,6-dimethyl - 
pyridine (XVIII). Investigation of alumina fraction A-II and A-III 
showed that neither migrated from the origin on a thin-layer chromato- 
graphic system in which both the dihydropyridine (VI) and pyridine (XVIII) 
migrate. These substances are clearly metabolites. Alumina fraction 
A-II has an absorption band at 241 my and alumina fraction A-III has an 
absorption band at 251 mu indicating that these metabolites contain an 
aromatic ring rather than a dihydropyridine ring. 

Our next studies were directed to an examination of the 
metabolite(s) of DDC (Fig. 23). Investigation of alumina fraction B-I 
revealed that it contained a product whose ultraviolet spectral and 
chromatographic characteristics were the same as those of DDC. Neither 
alumina fraction B~IIa or B-IIb migrated on a thin-layer chromatographic 
system in which DDC moved. Neither of these fractions had an absorption 
band in the 350 mu region in which DDC and other dihydropyridines absorb 
strongly. The absorption band in the 250 mu region indicated that these 
compounds might contain aromatic rings. 

Since we could not deduce from these studies whether 3,5- 
diethoxycarbonyl-1,4-dihydro-2,6-dimethylpyridine (VI) had been meta- 
bolized by a hydrolytic mechanism and DDC oxidatively metabolized, 
further information was sought as follows. The TESTS ae opR Sig ey 
epee corponiicie edinydroc2\crdimerhy pywedinosee’ (VI) between 
equal volumes of ether and water and between equal volumes of ether 


and dilute sodium carbonate was studied (Table XVIII). It was shown 
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TABLE XVIII. DISTRIBUTION BETWEEN SOLVENTS OF RADIOACTIVITY FROM 


PURE DRUGS AND FROM EXTRACTS OF CHICK EMBRYO INJECTED WITH 


140 “LABELLED DRUGS 








Ether:Base Ether:Water 
ExchacesOLes,)-dlethoxycarpony =|), 4- 
dihydro-2,6-dimethylpyridine injected 
chick embryo jes ae 1031 
3,0-Diethoxycarbonyl-1,4-dihydro-2,6- 
dimethylpyridine-!4c 75:1 65:1 
LOA ak 
Extract of DDC- C injected embryos Dan Steal 
poc-**c 1321 Leal 
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that 3 ,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethylpyridine-'c (VI) 
greatly favored the ether layer over the neutral aqueous or alkaline 
aqueous layers. The radioactive material from 3,5-diethoxycarbonyl-1, 
einer moad ech olinyridiner ae (VL) injected chick embryos dis- 
tributed in such a manner that a larger amount of radioactivity passed 
into the neutral and alkaline aqueous phases than in the case of the 
pure drug. Had all the di-ester (VI) been hydrolyzed, it would have 
distributed in such a way that all the radioactivity would have passed 
into the alkaline aqueous phase. Clearly this is not the case. If a 
portion of the di-ester (VI) had been hydrolyzed, the resulting acid(s) 
would pass from ether into the alkaline aqueous phase but only partially 
from ether into the neutral aqueous phase. No evidence for this has 
been obtained (Table XVIII). By means of this technique, it was shown 
that the radioactive material from poc-!4¢ injected chick embryos 
contained a metabolite but no evidence on the nature of this metabolite 
could be deduced from the distribution ratios. 

Thus we were unable to obtain evidence for the nature of the 
metabolites of DDC or 3,5-diethoxycarbonyl-1,4-dihydro-2,6-dimethyl - 
pyridine (VI) from these studies. There are two factors which have 
complicated these studies. The first is the conversion of the dihydro- 
pyridine (VI) to the pyridine (XVIII) by a non-enzymic mechanism. The 
second complicating factor is the small amount of drug that can be 
administered to chick embryos. In further studies, it is planned to 
circumvent these problems as follows. Instead of the unstable dihydro- 
pyridine (VI), the stable pyridine derivative (XVIII) will be employed 
and the metabolism of this inactive, sterically unhindered compound 


compared with the metabolism of the active, sterically hindered pyridine 
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(VII) in monolayer cultures of chick embryo liver cells. 
Furthermore, it is planned to study the metabolism of lene 

labeled porphyria-inducing drugs and related inactive analogues in 

species such as the rat, rabbit or guinea pig. By this means, large 


quantities of drug could be administered and the isolation of meta- 


bolites from urine would be more readily achieved. 
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